Geochemistry and Petrogenesis of  the Proterozoic felsic and mafic magmatic rocks in and around Bomdila area, Arunachal Pradesh, NE Lesser Himalaya. by Islam, Naqeebul
       
Dr. S. A. Rashid 
(Associate Professor) 
 
 
Department of Geology 
Aligarh Muslim University 
Aligarh-202002, India. 
 
www.amu.ac.in/geology 
Tel: +91-571-2700615 (O) 
Fax: +91-571-2700528 (F) 
 
                                                               
Dated:………………….. 
 
                    
                
CERTIFICATE 
 This is to certify that the work presented in the Ph.D. thesis entitled, 
“Geochemistry and Petrogenesis of  the Proterozoic felsic and mafic 
magmatic rocks in and around Bomdila area, Arunachal Pradesh, NE 
Lesser Himalaya.” submitted by Mr. Naqeebul Islam has been carried out and 
completed under my supervision. This work is an original contribution to the 
existing knowledge of the subject. 
         I allow Mr. Naqeebul Islam to submit this work for the award of Doctor 
of Philosophy (Ph.D.) degree in Geology of the Aligarh Muslim University, 
Aligarh (India).  
 
  
 
                                                                              
Dr. Shaik Abdul Rashid 
(Associate Professor) 
Department of Geology 
Aligarh Muslim University 
Aligarh-202002 (U.P), India. 
ACKNOWLEDGEMENTS 
 
First of all, I would like to thank the Almighty, Allah for bestowing his mercy 
and blessings upon me. “When every hope is gone and helps flee: assistance comes 
from where I know not,” this is the essence of Allah. I express my deep sense of 
gratitude to Dr. Shaik Abdul Rashid, Associate Professor, Department of Geology, 
Aligarh Muslim University, Aligarh for being supervisor who found time for 
discussions and guidance to carry out this work. His constant encouragement and 
personal interest in the study are thankfully acknowledged.    
I would like to thank Prof. Mahashar Raza, Prof. L. A. K. Rao and Prof. 
Shadab Khursheed, Department of Geology, Aligarh Muslim University, Aligarh, for 
providing me the various facilities of the Department during the course of my 
research work. 
I express my warm thanks to Dr. Javid Ahmad Ganai, Shamshad Ahmad and 
other researchmates for their support and valuable suggestions when needed. 
 Thanks are also due to Dr. V. Balaram (Scientist G) and Dr. M. 
Satyanarayanan (Scientist E), NGRI, Hyderabad and Dr. N. K. Saini (Scientist E), 
Wadia Institute of Himalayan Geology for their excellent production of the analytical 
data. 
I thank Dr. Masroor Alam, Associate Professor, Department of Civil 
Engineering, Aligarh Muslim University, Aligarh for his cooperation in carrying out 
petrographic studies. 
 
            I thank my parents for the constant encouragement, support, attention, love, 
patience they have for me. I am extremely thankful and indebted to them for sharing 
expertise, sincere and valuable guidance and encouragement extended to me.  I am 
also grateful to Subia Aftab who supported me throughout this venture. 
I would like to express thanks to my friends who at every step of my work 
encouraged me and let me to achieve this success especially Mr. Asif Khursheed, Mr. 
Lalit Yadav, Mr. Iftikhar Ahmad, Mr. Sayyad Rahman, Mr. Yasir Arafat, Mr. Akshay 
Kumar, Mr Jai Kishore, Mr. Mohd Haseeb Khan, Dr. Zubair Ahmad, Dr. Adil Nabi, 
Dr. Srikant, Mr. Fozail Akhtar, Mr. Rahman. I may not remember the names of all the 
persons who in one way or the other helped me during my studies but I am thankful 
and obliged to all of them.  
        Special thanks to staff members and the thin section lab incharge Mr. Abdul Ali, 
Department of Geology A. M. U., Aligarh for their cooperation throughout the present 
work.  
I express my gratitude to everyone who supported me throughout the course of 
this work. I am thankful for their aspiring guidance, invaluably constructive criticism 
and friendly advice during the entire work. 
At last but not the least, I would like to thank my family members for 
supporting me spiritually throughout my present work. 
 
 Naqeebul Islam 
                                                 CONTENTS 
 
LIST OF FIGURES  
LIST OF TABLES 
 
CHAPTER-I                              INTRODUCTION                1-15   
                                        
1.1. Description of the Tectonic Subdivisions of the Himalaya   
1.1.1 . Tethys/Tibetan Himalaya   
1.1.2 . Higher/Greater Himalaya  
1.1.3 . Lesser/Lower Himalaya 
1.1.4 . Sub/Outer Himalaya 
1.2. Study Area 
            1.3.   Granite Magmatism in the Himalayas 
                    1.3.1.Granite magmatism in Himalayan collision zone 
                               Karakorum batholiths 
                               Laddakh-Deosai batholiths 
                    1.3.2.Granite Magmatism in Tethys Himalaya 
                             Orogenic Granites (Calc-Alkaline, Peraluminous) 
                             Anorogenic Granite (Alkaline, Meta- peraluminous, rift related) 
               1.3.3.Granite magmatism in the Higher Himalayan Crystallines 
                      Lower Paleozoic granites 
                      Oligo-Miocene Leucogranites 
            1.3.4.Granite Magmatism in the Lesser Himalayan Crystallines 
                                 Jutogh-Munsiari Gneissic rocks 
                                Granitic rocks of Chail-Ramgarh thrust sheet 
         1.4. Previous Work 
         1.5. Purpose of the Study 
                     1.6.  Method of the Study 
CHAPTER-II                             GEOLOGICAL SETTING  16-43 
2.1. Geology of the Study area – an overview 
2.2.Detailed description of regional geology 
2.2.1. Paleo-Proterozoic 
2.2.2. Meso-Proterozoic 
2.2.3.  Neo-Proterozoic 
2.2.4. Paleozoic 
2.2.5. Palaeogene 
2.2.6. Neogene 
2.2.7. Quaternary  
           2.3. Field studies in and around Bomdila area 
 
                                                     
CHAPTER-III                             PETROGRAPHY   44-60 
3.1. Introduction 
            3.2. Detailed description of individual phases 
                   3.2.1. Coarse Grained Porphyritic Gneiss (CPG) 
                   3.2.2.Fine Grained Gneiss (FG) 
                   3.2.3. Leucogranite (LG) 
                   3.2.4. Petrography of Metabasic rocks 
 
CHAPTER-IV                             GEOCHEMISTRY            61-97 
4.1.   Introduction 
4.2. Analytical Methods 
                             4.2.1 Pellets preparation 
 
                             4.2.2 Preparation of Solution B  
 
                             4.2.3 Loss on Ignition (LOI)  
4.3. Effects of Alteration 
4.4. Geochemistry of Granitoids 
                         4.4.1.Major Elements Variations 
                         4.4.2.Trace Elements Variation 
                         4.4.3.  Rare Earth Elements (REEs): 
4.5. Classification and Nature of Granitoids 
                        Classification of Granitoids 
                        Nature of Granitoids 
4.6. Geochemistry of Mafic Rocks 
                        4.6.1. Major Elements Variations: 
                        4.6.2. Trace Elements Variations 
                                                         Other Elements 
                                                          Rare Earth Elements 
4.7. Magma Type 
CHAPTER-V                            TECTONIC SETTING           98-107 
          5.1. Granitoid Rocks 
          5.2. Metabasic Rocks 
CHAPTER-VI     ISOTOPE GEOLOGY AND AGE 108-114   
OF BOMDILA GRANITES    
6.1. Introduction 
6.2. Isotopic analysis of the Bomdila Granitoid rocks 
           6.3. New age of the Bomdila Granite 
      CHAPTER-VII      GEOTHERMOBAROMETRY STUDIES 115-131 
                        7.1. Introduction 
                7.2. Geothermometers 
                      7.3. Geobarometers  
                      7.4. Internally Consistent Thermobarometers 
                      7.5.P-T-t Path: An Integrated Approach 
                      7.6. P-T conditions and Metamorphic history of Bomdila Area 
         CHAPTER-VIII    DISCUSSION AND PETROGENESIS 132-151 
                        8.1. Evolution of Granitoids 
   8.1.1. Interpretation of Chemical Variations 
                                8.1.2. Possible Source of Granitoids 
                         8.2. Evolution of Metabasic Rocks 
 CHAPTER-IX     CONCLUSION 152-156 
   
REFERCENCES 157-182 
   
     
 
1 
 
Chapter-1 
INTRODUCTION 
 
The Himalayas are a prime example of how tectonic plate motion can 
manipulate the earth in extraordinary ways.These colliding plates resulted in the 
formation of the highest mountain range on the surface of the earth.The mighty 
Himalaya forms part of the Alpine Himalayan chain of mountains that stretch from 
Spain in the west to Indonesia in the east, and includes the Baltic, Carpathian, Zagros, 
Hindukush and Arakan Yoma Mountains. Stretching across the countries of Pakistan, 
India, Nepal, Bhutan, Afghanistan and Tibet. The Himalayas have over 100 
mountains exceeding 23,622 feet in elevation while the Himalayan Range covers the 
entire northern part of the India. It is mainly located in Nepal and Tibet. The beauty of 
the Himalaya has lured visitors to this region since older times, and being the world's 
highest mountain chain. Its origin can be traced in the Jurassic Era which is about 
million years ago. That time the world's landmasses were divided into Laurasia and 
Gondwanaland. Laurasia was in the northern hemisphere and Gondwanaland in the 
southern hemisphere. The landmass which is now India separated from 
Gondwanaland and collided with Asia and thus created the highest mountain range in 
the world. Interestingly, a vast shallow sea namedTethys existed where the Himalaya 
stands today. The submerged landmasses on either side started pushing towards each 
other giving birth to these mountains. This was a relatively recent occurrence in the 
geographical time frame and considered a young and fragile land formation. It has 
been speculated that the whole process took five to seven million years. Fossil finds at 
heights of over 8,000 meters (26,000 feet) support these theories. Covering an 
astounding area of 612,021 sq. km, the vast mountain chain passes through the Indian 
States of Jammu and Kashmir, Himachal Pradesh, Uttar Pradesh, Sikkim and the 
Himalayan Kingdoms of Nepal and Bhutan. The Tibetan Plateau-the roof of the world 
forms the northern boundary of this magnificent mountain system while lower 
extensions of the Himalayas branch off from eastern and western frontiers of these 
mountains. From west to east the Himalayas are divided broadly into three 
mountainous regions-the Western Himalayas, the Central Himalayas and the Eastern 
Himalayas.                                                                
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These intra continental structural features are the Main Central thrust (MCT), 
Main Boundary thrust (MBT) and the Himalayan Frontal thrust (HFT) from north to 
south respectively. These north-dipping thrust faults have a southward transport 
direction, and are inferred to branch from the décollement thrust known as the Main 
Himalayan Thrust (MHT) which marks the under thrusting of the Indian lithosphere 
beneath the Himalaya and Tibet. Several geological cross-sections across the 
Himalaya as well as seismic and other geophysical data suggest that a crustal ramp is 
present on the MHT. Numerous studies indicating lateral variations in the geometry of 
the MHT décollement from east to west in the Himalaya. This lateral disparity of 
MHT ramp geometry is the main cause for the abrupt change in topographic relief, 
variation of elastic strain/stress and intense seismic activities of the Himalaya.  The 
STDS is an east striking, north dipping system of the normal faults that extends at 
least 700 km and probably through the entire length of the northern front of the 
Himalaya orogen, initiated during the Miocene and contemporaneous with the MCT. 
The MCT is the large scale high strain zone that commonly occurs along the base of 
ductile shear zone and inverted metamorphism sequence which places Tertiary 
metamorphic rocks of the Great Himalayan sequence over weakly metamorphosed the 
Precambrian-Paleozoic rocks  of the Lesser Himalaya. The MBT, a regional scale 
sinuous, steeply north-dipping active thrust zone, separates folded and faulted 
Miocene and younger molasses sediments of the Sub-Himalaya from Precambrian 
rocks of the Lesser Himalaya. Deformation of the MBT began before 10 Ma. 
However, several active fault systems are commonly associated with the MBT 
system, implying significant reactivation along many of its segments. The MBT 
shows a down to the north displacement in the central and western sector of the 
Himalaya. The HFT is the southernmost, youngest, non-continuous, NW-SE striking 
and recently the most active imbricate thrust system in the Himalaya. The HFT is a 
series of thrust faults that separate the Tertiary assemblage of the Sub-Himalaya from 
Quaternary sediments of the Ganga foreland basin. 
 The eastern part of the Himalayan Mountain Belt, commonly known as 
Eastern Himalaya lies mostly in Sikkim, Bhutan and Arunachal Pradesh where 
Arunachal Himalaya occupies the eastern most part of Himalayan Mountain belt. 
There are four major rivers Kameng, Subansiri, Siang and Lohit draining the 
Arunachal Pradesh which divides the region in four geological corridors (Fig. 1.1) 
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according to their catchments areas. The study area lies in the west Kameng district of 
Kameng corridor, a part of western Arunachal Himalaya comprised of West Kameng 
and Tawang districts. The West Kameng district constitutes an important geological 
section in western Arunachal Himalaya and composed of Higher and the Lesser 
Himalayan rocks, which are separated by Main Central Thrust (MCT). It is bordered 
by Tethys Himalaya in the north and Sub-Himalayan ranges in the south whereas 
Main Boundary Thrust (MBT) forms its southern limit. It is bounded by Bhutan in 
west, in the north by Tibet, in the east by East Kameng and Siang districts and in the 
south by Assam state. The study area is highly mountainous with altitudes ranging 
from 2,000 m to 4,000 m. It lies between latitude 27º10' to 27º30' N and longitude 
92º05' and 92º30' E 
 
Fig. 1.1. Map of the Indian subcontinent showing the major physical subdivisions. 
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Fig. 1.2. Simplified tectonic map of the Himalaya (After Arora et al., 2012). 
1.1 Description of the Tectonic Subdivisions of the Himalaya 
Based on the rock type and structural features, the Himalaya has been divided 
into the four major tectonic subdivisions (Gansser, 1964). The Himalayas is divided 
from west to east in three distinct regions Western, Central and Eastern Himalaya. 
From South to North the orogeny comprises of four roughly parallel laterally 
continuous tectonostratigraphic units (e.g., Godin et al., 2001; Yin, 2006). They are 
Outer or Sub-Himalaya, Lesser or Lower Himalaya, Greater or Higher Himalaya and 
the last one is Tethys or Tibetan Himalaya (Fig. 1.2). 
1.1.1 Tethys/Tibetan Himalaya 
The Tethys Himalayan sedimentary zone is one of the major tectonic domains 
within the Himalayan orogen (Gansser, 1964; LeFort, 1996; Hodges, 2000; Yin, 
2006). The Tethyan Himalaya comprises of Proterozoic to Eocene siliciclastic and 
carbonate sedimentary rock interbedded with the Paleozoic and Mesozoic volcanic 
rocks (Baudet al., 1984; Garzanti et al., 1986, 1987; Gaetani and Garzanti, 1991; 
Garzanti, 1993, 1999; Brookfield, 1993; Steck et al., 1993; Critelli and Garzanti, 
1994; Liu and Einsele, 1994, 1999). The Tethys Himalaya contains a complete record 
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of fossiliferous sediments from Cambrian to Tertiary. The nature of the Tethyan Fault 
is described differently by different workers. The contact with the overlying 
metasedimentary and sedimentary sequence of rocks was earlier described as either 
conformable or as thrust, at different places (Gansser, 1964) but now it is described as 
a normal fault (Herren, 1987, Royden & Burchfield, 1987). 
1.1.2. Higher/Greater Himalaya 
As the name indicates this subdivision lies in the central part of the Himalaya 
and represents the area of highest topographic elevation. The Higher Himalaya 
comprises of Paleoproterozoic to Ordovician high grade metamorphic belt and root 
zone of the allochthonous klippen of the Lesser Himalaya. Quartzite, migmatites, 
paragneisses, mica schists and leucogranitic bodies form the characteristic lithology 
of this uppermost Himalayan zone. Presence of mineral assemblages like biotite to 
sillaminite indicates greenschist to amphibolites facies of metamorphism. 
Deformation seems to have occurred in a north to south directions and is associated 
with the MCT which brings the Higher Himalayas on top of the Lesser Himalayas 
(Sorkhabi et al., 1999). A northern thrust within the Central Crystalline Zone is called 
as Vaikrita Thrust. Based on its presence, the crystalline rocks are divided into 
Munsiari Formation and Vaikriti Group (Valdiya et al., 1999). The northern limit of 
the Higher Himalaya is marked by the Tethys Fault. The exposed rocks are termed as 
Central Crystallines representing the main metamorphic belt.  
1.1.3. Lesser/Lower Himalaya 
The Lesser Himalayan domain tectonically bound between the Main Central 
Thrust (MCT) and the Main Boundary Thrust (MBT) is constituted of deformed 
Proterozoic rock sequence dating back to~1.8Ga (Kumar, 1997; Yin et al., 2010a). 
The region consists of sedimentary and metasedimentary rocks. The stratigraphic 
division of the Lesser Himalaya sequence by Heim and Gansser (1939) and LeFort 
(1975) only includes the non fossiliferous low grade metasedimentary rocks. These 
strata are overlain by Permian to Cretaceous strata which are often referred to as the 
Gondawana Sequence (Gansser, 1964). In the light of radiometric ages of interlayered 
gneisses, detrital zircon, and metavolcanic rocks (Trivedi et al., 1984; Miller et al., 
2000; DeCelles et al., 2000; Singh et al., 2002), the LHS has an age range of 1870-
850Ma. Its main lithology includes metasedimentary rocks, metavolcanic rocks, and 
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augen gneiss (e.g., Frank et al., 1995; DeCelles et al., 1998a; Upreti, 1999). The vast 
study on Himalaya shows tectonic architecture, lithostratigraphic and evolutionary 
history and different episodes of magmatism and metamorphism of each of these belts 
(Thakur, 1992).  
1.1.4. Sub/ Outer Himalaya 
The Sub-Himalaya or the foothill foredeep is represented by Siwalik hill range 
varying in width from 10 to 20 Km, responsible for the rise of Himalaya mountain 
represent the last active phase of the movement. This zone is devoid of magmatic 
activity. This landform attained a high degree of relief due to presence of tectonic 
lineament and  heterogeneity in lithology.  
1.2 Study Area 
The study area lies in the North East Lesser Himalaya, Arunachal Pradesh, 
India. The Arunachal Pradesh occupies the easternmost segment of the Himalaya 
between longitude 91⁰30′E and 96⁰E. Geologic research in the Arunachal Himalaya 
can be traced back to the 19
th
 century during which several reconnaissance 
investigations were conducted along the foothills. Early investigation in the region is 
almost entirely based on field studies without application of modern geochronology 
and quantitative structural analyses. The present work is mainly concerned of 
Bomdila Group which is extensively exposed in the NE Lesser Himalaya. The 
metasedimentary sequences in the Lesser Himalaya are multiply deformed even in 
domains away from the major boundary thrusts MCT and MBT. The MBT and MCT 
are known to accommodate large part of the Himalayan collisional shortening in the 
Darjeeling-Sikkim Himalaya (e.g., Bhattacharya and Mitra, 2009). Similar tectonic 
shortening has also been established for traverses across Bhutan and Arunachal 
Pradesh (Yin et al., 2010b). As outlined by Gansser (1964) and later reviewed by Yin 
(2006), the Proterozoic rock sequence of the Lesser Himalaya in Darjeeling-Sikkim 
and Arunachal Pradesh are bound by the Main Central Thrust (MCT) in the north and 
Main Boundary Thrust (MBT) in the south. A major part of this zone is made up of 
Paleoproterozoic metasediment of the Bomdila Group, Ziro Gneiss and outcrops of 
Paleozoic sediments. The metasedimentary sequence in the Lesser Himalaya are 
multiply deformed even in domains away from the major boundary thrusts Main 
Central Thrust and Main Boundary Thrust. Available geochronological data from 
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intrusive rocks in the Lesser Himalaya of the Eastern Himalaya suggest a phase of 
deformation in this domain, which is Pre-Himalayan (e.g., Sinha and Roy, 1973; Paul 
et al., 1982; Kumar, 1997). Structurally below and south of the Main Central Thrust 
Proterozoic sedimentary successions are outcropped in the Darjeeling-Sikkim sector 
and in Arunachal Pradesh. These metasedimentary successions usually lie over the 
Paleozoic-Mesozoic Gondwana rocks above the Main Boundary Thrust. The above 
successions are strongly deformed and metamorphosed and in Arunachal Pradesh 
some of the metasedimentary rocks are intruded by ca.  1925±23 Ma and 1536±60 Ma 
old granites represented by Bomdila granite gneiss at Bomdila and Salari respectively 
(Dikshitulu et al., 1995; Kumar, 1997) attesting to Paleoproterozoic antiquity of these 
rock succession, namely the Bomdila Group. In the recent years, U-Pb zircon 
geochronology of the rocks group in western Arunachal Pradesh suggests Bomdila 
gneiss to be 1743±4 Ma old (Yin et al., 2010b). Detrital zircon geochronology from 
western Arunachal Pradesh also corroborate that the upper part of the Lesser 
Himalayan succession (Lumla Formation/Dirang Formation) could be as old as 1600 
Ma (Yin et al., 2006). Available detrital zircon geochronology data from Arunachal 
Pradesh and Bhutan favour at least three major metamorphic and igneous activities - 
ca. 1600 Ma, ca. 900-1100 Ma and ca. 480-500 Ma in the Lesser Himalaya sequence, 
apart from the well established ca. 1.8-1.9 Ga old granite intruding the 
Paleoproterozoic metasedimentary successions (e.g., Yin et al., 2006, 2010a,b; Long 
et al., 2012).  The main rock group in the Lesser Himalaya of the western Arunachal 
Pradesh is the Bomdila Group intruded by granite gneiss (Bomdila gneiss and other 
younger granite). This Bomdila sequence occupying extensive area throughout the 
Lesser Himalaya of Arunachal Pradesh from Siang Valley in the east to Kameng 
Valley and Bhutan in the west, include low to medium grade metasediments 
comprising quartzite with mafic metavolcanics and carbonate, associated 
orthogneisses and granite.  Bhusan (1999) on the basis of section measurement 
between the MBF and MCT in western Arunachal Pradesh has subdivided rocks of 
the Bomdila Group into Tenga Formation, Dedza Formation, Dirang Formation and 
intrusives in ascending order. Kumar (1997) subdivided the Bomdila Group into three 
formation viz., Khetabari, Tenga, and the Chilliepam (Dedza) Formation and the 
biotite gneisses variously referred as Ziro, Chako, and Sepla were considered as 
intrusive in Bomdila Group. Evidences from Eastern Himalaya in the Darjeeling-
Sikkim sector and western Arunachal Pradesh favour extensive marine sedimentation 
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in the Paleoproterozoic (ca.1.8-1.9 Ga), represented by the Daling Group in Sikkim 
and its tentative equivalents in the Shumar-Daling Group in Bhutan and the Bomdila 
Group in western Arunachal Pradesh (Kumar, 1997; Yin et al., 2010b). Previous 
studies established general stratigraphy and tectonic framework of this region 
(Thakur, 1986; Singh and Chowdhary, 1990; Acharrya, 1994, 1998; Kumar, 1997).  
1.3 Granite Magmatism in the Himalayas  
Granitoid rocks in the Himalayas are not only confined to the central crystallines 
but are associated also with wide variety of rocks such as (1) Late Mesozoic early 
Tertiary Indus flysch of the Trans Himalayas, (2) Katazonal metamorphites of the 
Vaikrita Group, and at the contact between the rocks of this group and the Tethys 
zone of the Higher Himalayas, (3) Mesozonal metamorphites of the Jutogh formation 
and its equivalent Munsiari Formation of the Kumaun Lower Himalayas, (4) epizonal 
metamorphites of the Chail Group, and (5) sedimentaries of the window zones of the 
Lower Himalayas. 
In the last decades, the radiometric age determinations, based on Rb-Sr whole 
rock isochrons, have helped in better understanding and delineation of the granitoid 
belts. As a result, many of the granites, previously believed to have been generated 
during the Himalayan orogeny, have been proved now to be of Precambrian and lower 
Paleozoic ages. 
1.3.1 Granite magmatism in Himalayan collision zone 
Two belts of granitoid complexes lie in the Trans Himalayan region of Laddakh. 
The northern belt, called the Karakorum axial batholith, lies to the north of the Indus 
suture zone and intrudes the upper Paleozoic metamorphites. The southern belt, called 
the Laddakh-Deosai batholith, intrudes the Upper Cretaceous/Eocene rocks of the 
Indus suture zone. 
A. Karakorum batholith 
A linear batholithic body, about 20 km wide and 150 km long, trending NW-
SE, occupies higher peaks of the eastern Karakoram and the Pangong mountain in 
Laddakh. This batholith extends into the western Karakoram across the Baura 
range, Hispar, Biafo to the west of Baltoro and is known as the Karakoram axial 
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batholith (Desio, 1979; Desio et al., 1964; Desio and Zanettin, 1970). In general, 
the Karakoram batholith towards Pangong Mountain is porphyritic in texture and 
pinkish in colour but in the western Karakoram, Desio and Zanettin (1970) have 
reported it to be homogenous and fine grained, with occasional coarse grained 
(porphyritic) varieties in the higher levels of the batholith. It is a multi plutonic 
complex varying in age from 240 Ma to 5-10 Ma, but the bulk of it is related to 
subduction and collision. 
B. Laddakh-Deosai Batholith 
It is one of the largest and the best exposed granitoid complex in the north 
western Himalayas with least soil or vegetation cover. It occurs as an elongated 
arcuate body, convex towards north, measuring more than 600 Km in length, 20-8 
Km in width and 3 Km in exposed thickness; the base of this granitoid complex is 
not exposed. The Laddakh batholith is one of the large bodies of the Trans 
Himalayan granites. It covers nearly 65 percent of the exposed area in the Indus 
collision zone of Laddakh and exposes more than 3 Km thickness of the body in 
the deepest cut-sections of the Indus River. The batholith evolved in three phases 
over a time spent of about 60-70 Ma from late early Cretaceous (120-100Ma) to 
late Eocene-Oligocene (40-30Ma). 
1.3.2 Granite Magmatism in Tethys Himalaya 
A. Orogenic Granites (Calc-Alkaline, Peraluminous): Gansser (1977) for the 
first time delineated a granitoid belt in the Tethys Himalayas on his structural map of 
the Himalayas and southern Tibet. He only referred to these rocks in the index of his 
map as granite and gneisses uplifts in the Tethys Himalayas. This belt of granites as 
shown in his map extends for about 600 Km in the central portion of the Tethys basin 
and is about 50 Km south of the Tsangpo River. Following Tapponnier et al. (1981), 
the Tethys Himalayan granitoid belt has been called as the Lhagoi- Kagri granites in 
the paper. 
B. Anorogenic Granite (Alkaline, Meta-peraluminous, rift related): There are 
only a few bodies of smaller dimension such as alkaline complexes of Peshawar plain, 
alkaline granites of Tangmarg and alkaline dykes of Zanskar. Several bodies extend 
for more than 200 Km from Afghanistan border in the west to Talbela and Mansehra 
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in the east intrude the lower Paleozoic metasediments. In the Kashmir and Zanskar 
Himalaya only a few plutons of alkaline rocks are reported. Rao et al., (1995) reported 
161+5 Ma old A-type alkaline granites from Tangmarg (Kashmir) related to 
reactivation of the rift folds formed during Permian Rifting. 
1.3.3 Granite Magmatism the Higher Himalayan Crystallines 
A. Lower Paleozoic granites 
A thick pile of high grade (Katazonal) metamorphites, that directly underlie 
the Tethyan rocks in parts of Himalayas, have been named as Vaikrita (Sanskrit for 
metamorphosed) by Griesbach (1881).This thrust sheet consists of kyanite-sillimanite 
-garnet psammitic gneiss, calc-silicate gneisses, marble, kyanite-sillimanite-bearing 
sericitic quartzite, amphibolite and migmatites: biotite and tourmaline-bearing 
granites intrude these rocks. The present author has also observed that migmatized 
zone, with associated sillimanite-kyanite gneisses east of Kalpa and Rakacham in 
Satlej and Bapsa Valleys respectively, is intruded by biotite-bearing non-porphyritic 
granite of the Kinner Kailas, the Rb-Sr age data showing this granite as 477+29 Ma 
old. Initial
87
Sr /
86
Sr ratio of 0.7113, determined for gneisses of Manali -Rohatang area 
by Mehta (1977), also support their origin from crystal anatexis resulting into central 
crystallines of the Higher Himalayas. Subsequently, these crystallines are believed to 
have acted as basement for Tethys sedimentation during early Paleozoic. 
B.  Oligo-Miocene Leucogranites 
The Katazonal metamorphites of the Vaikrita Group have been profusely 
intruded by apophyses, tongues and dykes of tourmaline-rich leucogranites, which 
varies in grain size from fine aplitic to very coarse pegmatitic. Plutonic bodies of 
varying dimensions with aureoles of dyke network have been mapped by various 
workers in Leopargial (lower Spiti valley), Kedarnath, Badrinath, Mustangs, Manaslu, 
Sheesha-Pangma, Makalau, Chomalhari, Genkarpunzum, etc. Most of these bodies 
intrude along margin of Vaikrita rocks and the overlying Tethyan sediments and are 
profusely developed in the central part of the Himalayan arch, these tourmaline 
granites have been generally studied along their margins because of inaccessible 
heights (6000-8000 m) of the High Himalayas. 
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Some of the important plutons are known as (1) Leopargial pluton (2) 
Badrinath pluton (3) Manaslu pluton (4) Makalu pluton (5) Chomalhari Pluton (6) 
Thimphu and Bhutan pluton. 
1.3.4 Granite Magmatism in the Lesser Himalayan Crystallines 
A. Jutogh-Munsiari Gneissic rocks 
Another important thrust sheet of the central crystalline is represented in the 
Himachal Himalayas by Jutogh Formation and in Kumaun Himalayas by Munsiari 
Formation. The orthogneisses and less deformed granites-aplite pegmatite intruding 
into them and other associated metasedimentaries and metavolcanic of the Wangtu 
gneissic complex are syn-late-kynematic granites related to Paleoproterozoic 
deformation, metamorphism and magmatism. These rocks represent the gneissic 
basement, a probable extension of the northern Indian Craton underneath the 
Himalaya. 
    B. Granitic rocks of Chail-Ramgarh thrust sheet 
Pilgrim and West (1928) first identified an assemblage of carbonaceous grey 
phyllites interbedded with banded limestone, phyllites and flaggy sericitic quartzite in 
the Simla-Chaur region as the Chail Series and correlated it with the Purana (Upper 
Precambrian). In the Chail rocks of Himachal Himalayas, a band of mylonitised and 
stretched, streaky and banded augen gneisses, varying in thickness from a few meters 
to a few hundred meters, occur all along the base of the Chail thrust sheet. Although, 
development of this gneissic band is better towards southern limb of the Chail 
synform, it has also been observed towards northern limbs, particularly near Aut in 
the Beas Valley and west of the Dattanagar in the Satlej Valley. In the Kumaun 
Himalayas, the Ramgarh thrust sheet contains extensive and voluminous exposures of 
quartz porphyry and porphyritic granite, besides, a succession of phyllites, fine 
grained quartzwackes and meta-siltstones and carbonaceous pyritous slates alternating 
with banded white marble. In the Amritpur area, the undeformed porphyries intrude 
the Bheemtal-Bhawali volcanics and the quartzites and fractionate into Amritpur 
granite plutons of Proterozoic age (~1800Ma). The best development these granitic 
rocks are in the Devguru Mountain in the upper Lidhiya Valley and therefore are 
named as the Devguru porphyrite by Valdiya (1978). The strong mylonitisation of the 
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porphyritic granite grading into quartz porphyry is noticeable throughout the belt 
resulting in the development of augen mylonite. 
 From the above discussion it is clear that many significant studies are 
available from the NW Himalayas, whereas very less work is reported from the North 
East Himalayas. In this context, the present study from the Bomdila area, NE Lesser 
Himalaya is significant and may be considered as an important contribution towards 
understanding the nature of magmatism and its role in the crustal evolution history in 
the Himalaya during the Proterozoic time.   
1.4 Previous Work 
The earliest geological information on Arunachal Pradesh dates back to 1825 
when Wilcox (1832) madesome preliminary observations on the geology of Lohit 
(1845) who recorded presence of gneiss and mica slate between Dihing and 
Daphpam. Medlicott (1865) reported for the first time the presence of coal in Tertiary 
rocks of Namchik area. In 1975, Godwin Austen mapped part of the Dafla hills in the 
Bhareli Valley. La Touche (1885) also took traverse in the Bhareli Valley. He also 
recorded the presence of Tertiary coal in Patkoi Ranges. Maclaren (1904b) prepared a 
geological map on 1 inch to 16 miles covering parts of Sub Himalaya, Lesser 
Himalaya, Mishmi Hills and the Patkoi Range and worked out a stratigraphy. Coggin 
Brown (1912) worked on the Abor Volcanics and brought it in the stratigraphic map 
of India. A.M.N. Ghosh, (1935) made geological observation along the left bank of 
Dibang River. Ludlow (1940) and Laskar (1956) studied the geology of Subansiri and 
Siang districts. Laskar (op.cit) first postulated the presence of marine sequence 
associated with the Gondawana and also named the quartzite of the Kamala Valley in 
Upper Subansiri district as the Miri Formation. Banerjee (1954) established the 
presence of continental Gondawana in Arunachal Pradesh on the basis of presence of 
Glossopteris indica. The geology of the Himalayan part and that of the Lohit Valley 
were described separately in their compilation. In the former, the successions were 
grouped into seven thrust bound lithotectonic units viz. the Sela Group, Bomdila 
Group, Tenga Formation, Dedza Formation, Bichom Group, Gondwana and the 
Tertiary sequence (Siwalik equivalent). However, Nandy et.al, (1975) classified the 
succession into five lithotectonic units; - the Siwalik, the Gondawana, the Buxa 
(including the Abor volcanics) the Dalings and the Crystallines, they (op.cit) 
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considered the Miri as a part of the Buxa which Laskar as well as Dhoundial (in 
Nandy et.al, 1975) did not agree. In the Lohit Himalaya absence of Gondwanaland 
Siwalik rocks and existence of a zone of ultrabasic and granodiorite associated with 
metasediments were noted. During the last quarter of the twenteeth century extensive 
geological studies have been carried out by the Geological Survey of India (GSI), the 
Wadia Institute of Himalayan Geology (WIHG) and Oil and Natural Gas Commission 
(ONGC) in different parts of Arunachal Pradesh. However, rugged terrain with dense 
impenetrable forests,unfavorable climatic conditions involving heavy rains and 
snowfall, poor road communications and logistic difficulties have largely been a big 
challenge to the Geologists for systematic mapping in Arunachal Pradesh. As a result, 
out of a total area of about 83,578 sq km, only 39,988 sq km in hard rock and 5615 sq 
km in Quaternary has been covered by systematic geological mapping. The 
unfossilifereous nature of rocks, in large part, intense tectonisation by virtue of its 
being close to the eastern syntaxis and use of a plethora of informal stratigraphic 
nomenclature by various workers remained major problems for establishing a secular 
stratigraphy of Arunachal Pradesh. The present compilation and the accompanying 
geological map is mainly based on the voluminous data collected mainly by a large 
number of Geologists of the Geological Survey of India (GSI) which are available in 
unpublished reports and various published accounts. Significant and important works 
carried out by several workers outside Geological Survey of India (GSI) have also 
been cited at places. For convenience, geology of the Himalayan Belt, Trans-
Himalayan Belt and southeastern Arunachal Pradesh are dealt with separately. 
Detail stratigraphy and earlier generation of mega folded structure i.e. the 
existence of a synform between Narphung antiform was brought out by Srinivasan 
(1999). The major and trace element geochemistry of Paleoproterozoic Bomdila 
Orthogneisses from Arunachal Pradesh, NE Lesser Himalaya have been carried to 
understand their nature and petrogenetic process (Shaik A. Rashid, 2009). Singh 
(2010) claims that Bomdila gneiss is metaluminous and of sedimentary derived. Only 
recent studies expanded to the eastern Himalaya in Sikkim (Bhattacharya and Mitra, 
2009, 2011), Bhutan (Grujic et al., 2002; McQuarrie et al., 2008, Long and 
McQuarrie, 2010; Long et al., 2011a), and Arunachal Pradesh (e.g., Yin et al., 2010). 
However, the detailed geochemical studies of the sedimentary rocks units in this area 
are still lacking and in this context the present thesis may be considered as significant 
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contribution towards understanding the geochemical signatures of sedimentary unit in 
the NE Lesser Himalaya. 
1.5 Purpose of the Study 
The Himalaya has been a source of inquisite to earth scientists for a very long 
time. The growing interest in the evolution of this mountain has prompted many 
Geoscientists to study the continent-continent collisional orogenesis as a part of a 
complex set of processes acting both beneath and on the surface of the earth.The 
occurrence of the granites, granite gneisses and migmatites makes a spectacular 
feature of the lithologies of the magnificent Himalayan Mountain. The phenomenon 
of granite as a widespread formation in the earth’s crust and particularly in mountain 
ranges has been a leading subject of discussion throughout the history of the science 
of geology. The role played by granitic bodies and the question of their origin 
remained problematic, despite realization of their unique importance in stratigraphy 
and geometry of the orogens. Since the inception of the study on the Himalaya very 
little work has been done on granites in particular. One of the main reasons being 
most of the areas in the Himalaya has been inaccessible and hence remained 
unattended. Unlike the other areas, the Bomdila belt has been subjected to an 
intensive examination by various geoscientists aimed at the exploration and 
exploitation of economic potentials such as uraninite, silver and copper. Because of 
the complex tectonic history of the region, the geology of Bomdila belt has been 
under debate for several years. The occurrence of number of shears zones and its 
proximity to the MCT has generated lot of interest among structural and economic 
geoscientists. However, no attempt has so far been made to study the geochemical 
aspects of Bomdila granites; geochemical data on the magmatic rocks of the area is 
rare.  
The main purpose of the present study is to study the granites and associated 
metabasics from the Bomdila Group of rocks with a view to understand their 
petrogenesis and the significance of its tectonic emplacement. Further, one of the 
unifying themes in the thesis is that the models, proposed for the tectonic evolution of 
the Bomdila belt can be strongly constrained by the currently generated geochemical 
and isotopic data. The study is also directed to document the petrological variations 
within the plutons of large batholiths, and with the purpose of formulating an 
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internally consistent genetic model. A large number of geological data have been 
collected and these are discussed in the forthcoming chapters along with information 
on the field relationships and the characteristics of individual lithologies. Based on 
petrographical, geochemical and isotopic studies combined with field observations of 
Bomdila granites and associated rocks the effects of the granite intrusion, if present, 
would be clearly evaluated vis-à-vis the basement nature of the gneissic complex. 
1.6 Method of the Study 
For a better understanding of the tectonic history of the region and the 
petrogenesis of granites and associated rocks, the main tool that has been used in the 
present study is “Geochemistry”. However, the other important aspects like structural 
data, field investigations, petrography, regional stratigraphy and metamorphism have 
also been given due importance to obtain a comprehensive information about the 
study area. When incorporated into a tectonic model, their collective values become 
more apparent as each can provide better insights to a general model for the tectonic 
evolution of an area. 
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Chapter -II 
GEOLOGICAL SETTING 
 
2.1. Geology of the study area - an overview 
The study area situated in the Lesser Himalaya, West Kameng district of 
Arunachal Pradesh, India is bounded by many important thrust faults on either side 
(Fig. 2.1). Although many workers have studied the area and proposed different 
stratigraphic names (Acharrya et al., 1975, Verma and Tandon, 1976, Kumar, 1997) 
recently, on the basis of lithostratigraphy, grade of regional metamorphism and 
associated igneous intrusives, the Proterozoic rocks of Arunachal Himalaya have been 
grouped into three major tectono-stratigraphic units by Srinivasan (2001).They are the 
Sela Group, Rupa Group and the Bomdila Group. The Sela Group which is 
considered to be the oldest sequence (Paleoproterozoic) among the three is best 
exposed around Sela Pass along Bomdila-Tawang road in western Arunachal Pradesh 
close to Bhutan border. It consists of calc-silicates, marble, kyanite-sillimanite ± 
staurolite polyphase deformed schists, migmatites, high-grade ortho-augen gneisses 
and amphibolites etc. with younger intrusions of hornblende granite (481 ±23 Ma, 
Dikshitulu et al., 1995), tourmaline granite (29 ±7 Ma, Bhalla and Bishui, 1989), 
pegmatites and aplites. The Rupa Group of rocks belongs to Mesoproterozoic which 
unconformably overlies the Bomdila Group in the Lesser Himalaya. The Rupa Group 
constitutes a thick sequence of low to medium grade garnetiferous-biotite-muscovite 
schists, phyllites, sericite quartzites, calc-silicates and tremolite-actinolite marbles. 
Main Crystalline Thrust (MCT) separates the Sela Group from Rupa Group of rocks 
and thus the former group belongs to the Higher Himalayas. The Bomdila Group 
comprises essentially of low to medium grade metasedimentary rocks (mainly 
phyllites, garnetiferous mica schists and quartzites) intruded by Paleoproterozoic 
Bomdila augen gneisses and mafic metavolcanics. The Bomdila gneiss, which has 
been characterized as orthogneiss on the basis of textural properties, is a batholithic 
dimension body occupying ~500 km
2
 area in the western Arunachal Pradesh, India. It 
is characterized by medium to coarse grained, well defined porphyritic augen gneisses 
wherein the quartz/albite augens, measuring 1-10 cm, are wrapped with biotite and 
muscovite. The augen gneisses exposed around Bomdila Town have been dated as 
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1914 ±23 by Rb/Sr technique by Dikshitulu et al. (1995) and hence are considered to 
be Paleoproterozoic in age. Mafic metavolcanics (amphibolite sills and dykes) occur 
within the gneisses. The discordant field relations and reaction zones noticed at 
number of places with the gneisses clearly demonstrate that the metavolcanics are 
younger than the gneisses and might have intruded into the basement rocks. A weakly 
foliated tourmaline-bearing leucogranite is well exposed along Bomdila-Rupa road 
section. This granite shows an intrusive relationship with the augen gneisses, which 
further indicates that the leucogranites are younger than augen gneisses. In places, the 
tourmaline granites are associated with pegmatites and numbers of aplite along with 
quartz veins. Metasedimentary (pelitic schist) enclaves of different sizes have been 
found in the augen gneisses which are in agreement with the already established 
hypothesis that the collision related, S-type granites contain metasedimentary 
enclaves. This in turn suggests that the metasediments might have had a significant 
role in the petrogenesis of these granites. Efforts were made to collect fresh and 
unweathered samples of the gneisses and granites mainly from road cuttings. 
 
Fig.2.1. Simplified geological map of the study area, western Arunachal Himalaya 
(after Srinivasan, 2001). 
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2.2. Detailed description of regional geology  
Geology of the North East Himalaya has been examined by various workers 
(Anon, 1974; Das et al.1975; Tripathi et al. 1980; Bhusan et al. 1991; Kumar, 1997; 
Srinivasan, 2001; Yen et al. 2000; Bhattacharyya and Nandy, 2007) and divided the 
sequences into several major tectonic units (Table 2.1), which are described below 
according to their ages. 
2.2.1. Paleo-Proterozoic 
The oldest sequence presumably of Late Archean to Paleo-Proterozoic age identified 
in Arunachal Pradesh includes high grade pelitic and psammitic, psammopelitic 
metasediments represented by sillimanite-kyanite-bearing schists, gneisses and 
interbedded amphibolites. There is no record of an earlier crust on which 
sedimentation started in a basin developed in an extensional regime followed by mafic 
volcanism. An epeirogenic movement of short duration was responsible for the 
deposition of oligomictic conglomerate, persistent bands of quartzite and pelitic 
schists and limestone. Deposition of the limestone with development of stromatolites 
is indicative of a stable basin condition 
Table 2.1 Stratigraphic succession of the North East Himalayan belt (after GSI 
Report, 2010). 
 
 Hapoli 
Formation (New 
Alluvium) 
Sand, Clay and Peat Holocene to 
Recent 
QUATERNAR
Y 
SEDIMENTS 
 
Older Alluvium 
Unconsolidated sediments 
represented by boulder, cobble, 
pebble, sand and sandy clay 
beds 
 
Middle to 
Upper 
Pleistocene 
     ------------------------------------------------Main Frontal Fault------------------------------
---- 
 Kimin 
Formation 
(Upper Siwalik) 
Boulder conglomerate, 
pebble sandstone 
 
Mio-Pliocene 
SIWALIK 
GROUP 
 
Subansiri 
Formation 
(Middle Siwalik) 
 
Salt and pebble lithic 
arenite 
 
Mio-Pliocene 
 Dafla Formation  
(Lower Siwalik) 
 
Micaceous sandstone 
with calcareous 
 
Miocene 
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concretions 
TOURMALINE BEARING 
LEUCOGRANITE 
Unfoliated two mica 
medium to coarse 
grained tourmaline 
bearing leucogranite 
 
29±7 Ma 
 
 
 
YINKIONG 
GROUP 
Dalbuing 
Formation 
Limestone with shale 
intercalation 
 
Early to Mid Eocene 
 
 
Geku Formation 
Purple and pale green 
shales, sandstones 
black shale, nodular 
grey shale, 
quartzite(occasionally 
calcareous) 
 
Late Paleocene to 
Early Eocene 
 
 
 
 
 
 
 
 
 
GONDWANA 
GROUP 
Yamne 
Formation 
Pale brown 
ferruginous shale 
Upper Permian 
 
Abor Volcanics 
Porphyritic aphyric 
basalt, andesite, acidic 
tuffs, agglomerates 
aquagine tuff, volcanic 
sediments 
 
 
 
 
 
 
 
 
 
 
 
 
Permo-Carboniferous 
 
 
 
Bhareli 
Formation/Khelo
ng Formation 
Upper Member  
Feldspathic sandstone, 
black and carboneous 
shale with thin 
impersistant lenticular 
coal 
Lower Member  
Arkosic red 
sandstone-siltstone 
and black 
carbonaceous shale 
with impersistant 
lenticular coal 
 
Lichi Volcanics 
Light to dark green 
basic volcanics 
 
Bichom 
Formation 
Sesa Member  Grey 
to black tuffaceous(?) 
shale with 
impersistant bands of 
quartzite 
  
  Bomte Member  Grey 
to black shale with 
calcareous and 
phosphatic chert 
nodules  
Rilu Member  
Diamictite with 
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subordinate sandstone, 
shale and grits 
 
Miri Formation  
Purple to pinkish, 
white to grayish white 
feldspathic quartzite, 
purple micaceous 
shale, diamictite 
conglomerate 
 
Lower Paleozoic 
 
BIOTITE GRANITE 
 
Biotite granite (Deed 
Granite/ Hawa Pass 
Granite/ Tamen 
Gneiss) 
 
500+19 Ma & 480 
Ma 
 
THINGBU FORMATION 
Low-grade 
carbonaceous mica 
schist and micaceous 
quartzite 
 
 
Neo-Proterozoic 
---------------------------------------------------Unconformity (?)------------------------------- 
 
DIRANG/ LUMLA FORMATION 
Garnetiferous mica 
schist, Phyllite, sericite 
quartzite, calc silicate 
and tremolite-actinolite 
marble 
 
 
 
Meso-Proterozoic 
----------------------------------------------------Unconformity---------------------------------- 
 
 
 
 
 
 
BOMDILA 
GROUP 
Bomdila/ Ziro/ 
Daporijo 
Gneiss 
 
Biotite Granite Gneiss 
 
1536±23 to 
1914±23 Ma 
 
 
 
 
 
Chilliepam/ 
Dedza/ Menga/ 
Mukatang 
Formation 
Niumi Member  
Carbonate (limestone and 
dolomite) with alteration 
of greenish grey, purple 
and dark grey 
carbonaceous phyllite 
Kabak Member  
Basal oligomictic 
conglomerate, quartzite 
with impersistant bands of 
dolomite and black to dark 
grey phyllite 
 
 
 
 
 
 
 
 
 
 
 
Paleo-Proterozoic 
 
 
Tenga/ Potin/ 
Dublo/ Kho/ 
Ragidodoke 
Formation 
Reyang Member   
Basic meta-volcanics and 
Chlorite-biotite-garnet 
schist interbedded with 
flaggy quartzite and thin 
beds of marble 
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Garubuthan Member  
White to grayish white 
schist,quartzite,purple 
quartzite with purple silky 
shale, sericite quartzite 
and phyllite 
 
 
 
 
Khetabari 
Formation 
Sericite-quartz phyllite, 
garnetiferous phyllite and 
schist, 
graphite/carbonaceous 
phyllite,quartzite,minor 
carbonates chert and para-
amphibolite 
 
(i) Sela Group 
Verma and Tandon (1976) introduced this term to designate the extensive succession 
of the high grade metamorphics (kyanite-sillimanite bearing garnet-biotite schist and 
gneiss, psammitic gneiss, streaky gneiss, tourmaline bearing leucogranite and 
amphibolites) well exposed around Sela Pass on the Bhalukpong-Tawang road in the 
Kameng valley.  There is no direct evidence to ascertain the antiquity of the rocks of 
the Sela Group. However, on the basis of earliest acid magmatism dating 2300–
2100Ma in rocks occurring in similar tectonic and stratigraphic position in 
northwestern Himalaya, the Sela Group may be considered to represent an early 
Proterozoic sequence (Wang, 1986). It occupies structurally the highest unit and 
tectonically rests over the low to medium grade metasedimentaries of the Dirang 
Formation (Thakur, 1986; Singh and Chowdhury, 1990; Kumar, 1997; Singh Roy and 
----------------------------------------------------Tectonic Contact------------------------------- 
SE LA 
GROUP 
Galensiniak 
Formation 
High grade schist, gneiss 
and migmatites(intruded 
by younger tourmaline 
granite and pegmatite of 
Tertiary age) 
 
 
 
Paleo-Proterozoic 
Tahila/Taksing 
Formation 
Graphite schist,calc-
silicate,marble,amphiboli
te and schistose quartzite 
22 
 
Singh, 2002; Misra, 2007; Bhattacharjee and Nandy, 2008; Srivastava et al., 2011; 
Bikramaditya Singh and Gururajan, 2011). The predominance of migmatites, lit-par-
lit injections, higher grade of metamorphism and profuse intrusions of tourmaline 
granite characteristically differentiate this sequence from the structurally underlying 
Dirang Formation. The contact between the lithounits of Sela Group and those of 
Dirang Formation is popularly known as Main Central Thrust.  
(ii) Bomdila Group 
Das et al. (1975) coined the term  ‘Bomdila Group’ which consist of a  thick 
succession of low to medium grade metamorphic  and associated magmatic rocks 
exposed around Bomdila town in the West Kameng Valley, Arunachal Pradesh, NE 
India. The Bomdila Group and its associated intrusives are well pictured in the 
western Arunachal Pradesh (Bhusan et al., 1991). The southern contact of the 
Bomdila Group is also known to be thrusted bringing it over either the Gondwanas or 
the Neogene-Quaternary sequences in western and central Arunachal Pradesh. 
Lithostratigraphically, the sequence has been classified differently byvarious workers 
(cf. Anon, 1974; Das et al., 1975; Jain et al., 1974; Singh, 1993). Bhusan (1999) on 
the basis of section measurement between the MBT and MCT in western Arunachal 
Pradesh has subdivided the rocks of the Bomdila Group into Tenga Formation, Dedza 
Formation, Dirang Formation and intrusives in ascending order. Kumar (1997) 
subdivided the Bomdila Group into three formations viz., Khetabari, Tenga and the 
Chilliepam (Dedza) Formation and the biotite gneisses variously referred as Ziro, 
Chako, Sepla or Daporijo Gneisses were considered by him as intrusive into the 
Bomdila Group. The Bomdila Group mainly consists of mylonitic augen gneisses, 
garnet-biotite schists, carbonaceous schists, and foliated micaceous quartzites (Fig. 
2.2, 2.3, 2.4). 
The Bomdila sequence occupying extensive area throughout the Lesser 
Himalaya of Arunachal Pradesh from Siang Valley in the east to Kameng Valley and 
Bhutan in the west, include low to medium grade metasediments comprising quartzite 
with mafic metavolcanics and carbonate, associated ortho-gneisses and granite.  The 
Bomdila Group can be divided into lower unit and upper unit. The lower unit is 
dominated by mylonitic augen gneiss of granitic composition referred as Bomdila 
gneiss while the upper unit exposed around Dirang, represents a sequence of 
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garnetiferous mica schist, carbonaceous schist, quartzite and amphibolite. It is thrust 
over the rocks of the Miri and Gondwana Groups along the Bomdila Thrust.  
 
Fig. 2.2. Panoramic view of Bomdila Group of rocks. 
 
 
Fig. 2.3. An outcrop showing preservation of bedding in quartzites. 
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Fig. 2.4. Photograph showing Bomdila Group of metasedimentary rocks i.e. alternate 
layers of quartzites and schistose rocks. 
Occurrences of tourmaline bearing pegmatite bodies with sharp contacts and minor 
feldspathization of the country rocks indicate its intrusive nature. Previous studies by 
many geoscientists have established general stratigraphy and tectonic framework of 
this region (Thakur, 1986; Singh and Chowdhary, 1990; Acharrya, 1994, 1998; 
Kumar, 1997). In recent years, U-Pb zircon geochronology of the rock groups in 
western Arunachal Pradesh suggests Bomdila gneiss to be 1743 ± 4 Ma old (Yin et 
al., 2010b). Detrital zircon geochronology from western Arunachal Pradesh also 
corroborates that the upper part of the Lesser Himalayan succession (Lumla 
Formation/Dirang Formation) could be as old as 1600 Ma (Yin et al., 2006). Bhusan 
(1999), on the basis of section measured between the MBT and MCT in western 
Arunachal Pradesh has subdivided rocks of the Bomdila Group into Tenga Formation, 
Dedza Formation, Dirang Formation and intrusives in ascending order. Xenolith of 
the country rocks like quartzite, phyllite and boudin of amphibolites are common 
within the mylonitic gneiss. The Bomdila gneiss is considered as tectonic slivers of 
basement by Yin et al., (2006) and intrusive granites by Bhusan et al., (1991), Kumar 
(1997), Bikramaditya Singh (2010). 
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Geological Survey of India (2010) has complied a classification adopted from 
Dhoundial et al., (1989) and Kumar (1997), with some modifications. Dirang 
Formation is not considered as a part of Bomdila Group (Kumar, 1997). Dirang 
Formation has unconformable relationship with Tenga and Chilliepam Formation of 
the Bomdila Group. The topmost formation represents a thick and extensive carbonate 
platform which extends into the Eastern Arunachal Pradesh. Unconformably 
overlying the carbonate dominant Chilliepam Formation, the Dirang Formation 
possibly represents Mesoproterozoic sedimentation, as evident from recent 
geochronological dates (Yin et al., 2006).  
Khetabari Formation  
The low grade metasediments comprising sericite-quartz phyllite, garnetiferous 
phyllite and schist, carbonaceous phyllite, quartzite, minor carbonate, chert and 
amphibolites, well exposed around Khetabari in the Lower Subansiri district 
constitute the Khetabari Formation. However, this Formation is not well exposed in 
West Kameng district except Kiriphum village. The Yazali Formation (Das, 1979) 
and the Potin Formation (Kakoti et al., 1969-70) of the Range valley area are also 
included in this Group because of similar lithological assemblage. In Pakro and 
Yazali areas, large enclaves of the Khetabari Formation are seen in the granitic 
gneisses. The quartzites in Pakro and Yazali areas contain magnetite rich zones with 
sulphide mineralization. The Khetabari Formation is overlain by Tenga Formation 
(Kumar, 1997). 
Tenga Formation  
Tenga Formation is well exposed along the Tenga River. The low grade 
metasediments consisting of green phyllite, metavolcanics sericite-quartz phyllite and 
quartzite are mostly exposed in and around Tenga valley in West Kameng district 
originally described as Tenga Formation by Das et al (1975). Dhoundial et al., (1989) 
have divided the Tenga Formation into two members on the basis of comparison with 
similar rocks in the Darjeeling-Sikkim Himalaya. The lower Gurubuthan Member 
comprises white to grayish white schistose quartzite, purplish quartzite with purplish 
silty shale and sericite-quartzite and phyllite. The upper Reyang Member comprises 
basic metavolcanics, at places altered to green chlorite phyllite and chlorite-biotite-
garnet schist interbedded with flaggy quartzite and thin bands of marble. Bhusan et 
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al., (1989) also divided the Tenga Formation into a lower and upper member on the 
basis of lithostratigraphic section measurements referred as Along Member and 
Jameri Member respectively. The Along Member is characterized dominantly by 
basic metavolcanics with thin bands flaggy quartzite, marble/dolomite and sericitic 
quartzose phyllite. The Jameri Member is predominantly a quartzite with thin bands 
of phyllite and black shale. The Jameri Member is separated from Gondwana by a 
series of granite intrusion which leads to the thermal metamorphism along the 
intrusions (Kumar, 1997). 
Chilliepam Formation  
Chilliepam Formation is exposed along the Bomdila-Shergaon road. A thick 
succession of dominantly carbonate rocks, unconformably overlying the Tenga 
Formation occurs in Tenga valley in West Kameng district. This sequence is referred 
as Chilliepam Formation named after the Chilliepam village (Anon, 1974, Jain et al., 
1979). Kumar (1997, 1999) broadly divided this Chilliepam Formation into two 
members viz., the lower Kabak Member consist of a basal oligomictic conglomerate 
with pebbles and cobbles of quartzite and the upper member referred to as Niumi 
Member comprises mainly carbonates with alterations of greenish grey, purple and 
dark grey carbonaceous phyllites. 
Bomdila/Ziro/Daporijo Gneiss 
Extensive area of the Lesser Himalaya of Arunachal Pradesh is occupied by a gneissic 
complex. This has been variously referred as Bomdila Gneiss, Chakko Gneiss, Sepla 
Gneiss, Darporizo Gneiss (Anon, 1974), Bakliwal et.al, (1979), Bhusan et.al, (1991), 
Singh and Ahmed (1989), Reddy and Kumar, (1990), Singh and Sharma, (1990) 
referred these as Ziro Gneisses. In earlier works it was considered as the basement for 
the metasediments of the Bomdila Group (Kumar and Singh, 1980). Subsequently, the 
Ziro Gneiss was considered to be intrusive bodies of batholithic dimensions (Bhusan, 
et.al, 1989, Singh and Ahmed, 1989, Saha et.al, 1989). 
  
27 
 
2.2.2. Meso-Proterozoic 
(i) Dirang /Lumla Formation  
A thick sequence of low grade metasedimentaries comprising garnetiferous mica 
schist, phyllite, sericite quartzite, calc-silicate and tremolite-actinolite marble 
unconformably overlying the Bomdila Group and truncated in the north by the MCT 
has been designated as Dirang Formation. It was first mapped as Dirang Schist in 
Diggin valley (Anon 1974, Das et al., 1975). It was intruded by biotite-augen gneiss 
(Bhusan et al., 1991). Similar sequence has been mapped in the Pachuk river section 
(Singh and Sharma, 1990) and around Rupa and Shergaon (Bhusan, 1999). 
A sequence of medium grade metasediments comprising quartzite, garnetiferous mica 
schist with occasionally developed staurolite, marble, calc-silicate and amphibolites 
exposed in the Tawang-Woming La section in Tawang district has been described as 
Lumla Formation (Tripathi et al., 1979, Singh, 1988).Although the Lumla Formation 
is considered to represent a separate unit overlying the Sela Group (Kumar, 1997), 
Mathur and Mukhopadhyay (1999) consider this sequence as a part of the Sela Group 
only. However, the systematic mapping around Tawang and Lumla by Kaura and 
Basu Roy (1982) clearly indicates that this sequence occur in a tectonic window 
bounded by the rocks of the Sela Group. On the basis of lithological assemblage and 
tectonic position, Dirang/Lumla Formation appears to be the continuation of the 
Jaishidanda Formation of the Bhutan Himalaya where isolated outcrops of the latter 
are also found within the Thimpu Group as tectonic windows (Dasgupta, 1995). 
2.2.3. Neo-Proterozoic 
(i)Thingbu Formation 
A sequence of low grade carbonaceous mica schists and micaceous quartzite 
containing biotite porphyroblasts transverse to schistosity, mapped by Rana and 
Duttagupta (1996) in Thingbu, Panga Sera and Thungung areas of Tawang district has 
been described as a part of the Tethyan sequence. Lithologically, the Thingbu 
Formation comprises a lower argillaceous unit represented by mica schist and an 
upper part represented by fine to medium detrital quartz mica schist and flaggy 
quartzite. The lower schistose rock contains appreciable amount of amorphous carbon 
whereas the upper part has very little or no carbonaceous matter at all. 
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(ii) Biotite Granite (Deed granite/Hawa Pass granite/Tamen gneiss)     
Deed Granite occurs within the migmatites and gneisses north-west of Hapoli as 
concordant, large bands measuring 30-100 m in width. Enclaves of metasediments 
and gneisses showing intricate folding are seen within the Deed Granite. 
Mineralogically, the granite comprises plagioclase, K-feldspar, biotite, quartz 
tourmaline with zircon, apatite and opaques as accessories. The Tamen Gneiss of 
Ziro-Daporijo section has been studied in detail by Bhalla et.al, (1994). 
2.2.4. Paleozoic 
There is no record of sedimentation during the period from Neoproterozoic to 
Carboniferous in Arunachal Pradesh. The area received no sediments or other 
volcanics other than the Pan-African event marked by granites (500± 50Ma, i.e. Rilo 
Granite). 
(a) Lower Gondwana Group 
The Gondwana Group occurs in a narrow, linear belt, which runs almost parallel to 
the Siwalik belt from Kameng in the west and Subansiri in the east. This belt is 
sandwiched between the Siwalik Group in the south and Miri Group in the north. The 
Gondwana sediments, with marine and plant fossils of Permian age (Kumar and Singh 
1974), are thrust over the Upper Tertiary autochthonous fluvial sediments of the 
Siwalik Group along the MBT (Acharrya et al., 1975). The continental rocks are rich 
in plant fossils of Permian age. The Gondwana Group consists of mainly shale, 
sandstone, mudstone with coal seams and associated basalts. The marine rock mainly 
comprises of carbonaceous shale, siltstone and fine grained sandstone. The calcareous 
nodules in the shale contain invertebrate fossils. 
(i) Miri Formation 
The quartzite and carbonate association differentiated into the Miri Quartzite and the 
Buxa Series has been grouped under the name of Miri Group in Arunachal Pradesh by 
Jain et al. (1974). Miri Group occurs as persistent belt and tectonically rests on the 
Gondwana and Siwalik Groups of rocks along the Miri Thrusts. The pink and white 
cross-bedded Miri Quartzite is characterized by skolithos-type burrows and other 
trace fossils, whereas the Buxa carbonates are often stromatolitic. According to Jain et 
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al., (1974), within the Miri Group, the quartzite unit (Miri Quartzite) has supra-
carbonate (Buxa Dolomite) stratigraphic position. The basic volcanics associated with 
the Miri Quartzite have been grouped under the Abor Volcanics (Jain et al., 1974; 
Thakur, 1998). The age of the Miri Group remains a subject of controversy with 
different ages given by the previous workers starting from the Precambrian (Jain et 
al., 1974) to Paleocene-Lower Eocene (Tripathi et al., 1981; Singh, 1993; Acharrya, 
1994). The Buxa Dolomite is simply correlated with the Mesoproterozoic (Riphean) 
Shali-Deoban-Gangolihat carbonate belt of the NW Himalaya mainly on the basis of 
lithology. Recent findings of microstromatolites/stromatolites and micro-biota in the 
Buxa Dolomite by Tewari (2001) indicates the Terminal Neoproterozoic (Vendian) 
age. 
(ii) Bichom Formation 
It is represented by a thick succession of diamictite, dark grey shale/slate and minor 
quartzite overlying the Miri Formation conformably in the Bame-Igo-Basar section. 
These rocks were also mapped in the lower reaches of Bichom valley as Bichom 
Formation (Anon 1974, Das et.al, 1975). Lithostratigraphically, the Bichom 
Formation has been subdivided into three members-lower, middle and upper by 
Bhusan (1999). Dhoundiyal et.al, (1989) and Kumar (1997) have also subdivided the 
Bichom Formation into three members viz., Rilu, Bomte and Sessa in ascending 
order. 
(iii) Lichi Volcanics 
In North-East Arunachal Himalaya mafic volcanics have been reported from various 
formations like the Proterozoic Tenga Formation, Lower Permian Bichom and Bhareli 
Formations and the Paleocene- Eocene Yinkiong Group. All these volcanics had been 
collectively referred as Abor Volcanics (Acharrya et.al, 1983) disregarding their 
stratigraphic position and age. 
(iv) Abor Volcanics 
The Abor volcanic rocks (Abor Volcanic Series, of Coggin Brown, 1912) was first 
recorded from the Siang valley and were compared with the Rajmahal Trap of the 
Indian shield of Early Cretaceous in age. These volcanics have been confused earlier 
with the metavolcanics associated with the Proterozoic Bomdila Group by some 
30 
 
workers (Jain and Thakur, 1978). Similar volcanic rocks occurring to the west of the 
type area of the Abor volcanics in Arunachal Pradesh were considered to be of 
Permian age by other workers on the basis of their association with fossiliferous 
Gondwana rocks and correlated with the Panjal volcanics of the northwest Himalaya 
(Gansser 1964, Bhat 1984). According to Talukdar and Majumdar (1983), the Abor 
volcanic sequence in Siang district comprises basaltic to andesitic flows, silicic tuffs, 
lapillis, agglomerates and sediments. Sengupta et.al, (1996) carried out detail 
geochemical studies of ten samples of Abor volcanic rocks. From the analysis of 
major element oxide composition, trace element data and REE signatures it has been 
inferred (Sengupta et.al., 1996) that the Abor volcanic rocks are comparable to both 
ocean island basalt and continental flood basalt. However, geological evidences in 
favour of oceanic crustal nature of the Abor basalts are lacking. 
(v) Yamne Formation  
Upper Permian marine fossils have been reported from the southern slope of Dalbuing 
village in the Yamne nala. This unit designated, as Yamne Formation (Kumar, 1997) 
which is about 5m thick and sandwiched between the underlying Dalbuing Formation 
containing Early Eocene plant fossils and the overlying Geku Formation hosting 
Lower Eocene Nummulites. It may be mentioned that subsequent search in the 
Dalbuing area failed to locate any in-situ outcrop of the Permian fossil-bearing-
horizon (Singh, 1999). 
2.2.5. Paleogene 
(a)Yinkiong Group 
The Paleogene sediments of the Yinkiong Group consist of purple and olive green 
slates, greywackes and nummulitic limestone of Eocene age (Tripathi et al., 1981, 
Singh 1993). Earlier this sedimentary sequence was considered to be having a 
Gondwana affinity based on the findings of Upper Permian marine fossil from slate 
boulders from Dalbuing area (Sinha Roy 1980). However, based on detailed field 
investigations these Permian Slate boulders have been interpreted as a part of a 
tectonic wedge within the Yinkiong Group (Singh 1993). 
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2.2.6. Neogene 
(a) Tourmaline-Bearing Leucogranite 
The youngest phase of acid intrusive affecting the rocks of the Bomdila Group is 
represented by unfoliated tourmaline-bearing pegmatite, fine grained aplite and quartz 
veins. These occur as dykes and veins in the Ziro Gneiss and Khetabari Formation of 
the Bomdila Group. On the basis of Rb-Sr isotopic data the Sela leucogranite has been 
dated as 29+7 Ma (Bhalla et.al, 1990, 1991 and 1994). 
(b) Siwalik Group 
The Siwalik Group of rocks of the Sub-Himalayan Zone is exposed between the 
Himalayan Frontal Thrust in the south and Main Boundary Thrust in the north.  It is 
exposed along the Bhalukpong-Sessa road in the Kameng Valley and along Kamim-
Hawa Camp road in the Subansiri Valley. The Siwalik Group of Middle Miocene-
Lower Pleistocene age is made up of green-grey-earthy sandstone with streaks of 
coal, siltstone, shale and gravelly boulder beds. It has been divided into three units 
viz., the lower Dafla, the middle Subansiri and the Kimin Formation (Karunakaran 
and Rao 1976). The Dafla Formation is made up of alternating sandstone, shale and 
clay; the Subansiri Formation is made up of sandstone and with a few clay beds and 
small packets of coals, and the Kimin Formation consist of alternating conglomerate, 
sandstone, and clays. The Siwalik Group of rocks homoclinally dipping towards north 
and the upper contact is defined by the Main Boundary Thrust. It should be noted here 
that the Siwalik Group does not extend beyond Mebo in the Siang valley, where it is 
probably overlapped or cut-off by the Main Boundary Thrust (Misra 2009). 
2.2.7. Quaternary  
Quaternary Sediments 
The post-Siwalik Quaternary sediments of Arunachal Pradesh are represented by 
fluvial deposits. The fluvial deposits occur as two to three cycles of valley fill 
deposits exposed at different levels on either side of almost all the river valleys. 
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(i) Older Alluvium 
Older alluvium is represented by one to two levels of terrace deposits. In the upper 
reaches of the major rivers, only one level of terrace is usually developed. Two levels 
of terraces are seen along the rivers Dikrang, Tenga, Pappu, Passar and Siang. The 
sediments are unconsolidated and represented by boulders, cobble, pebble, sand and 
sandy clay beds. 
(ii) Hapoli Formation (Newer Alluvium) 
This is also represented by two levels of terrace deposits comprising unoxidised 
sediments of the active channels found in all the rivers. The limnic deposits in 
Arunachal Pradesh are encountered over a large area around Hapoli in the Ziro valley. 
The sequence designated as Hapoli Formation comprises sand, clay and peat. 
2.3. Field studies in and around Bomdila area 
Based on megascopic properties, three different types of granites were deciphered and 
delineated. They have been named as i) Coarse grained porphyritic gneiss (CPG) ii) 
fine grained gneiss (FG) and iii)leucogranite (LG) . The intrusive relationship of 
different phases (Figs. 2.5 & 2.6) reveals that the CPG is the oldest phase followed by 
FG while the LG is the youngest amongthe three phases. 
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Figure 2.5. Photograph showing the intrusive relationship between CPG and FG 
 
 
Fig. 2.6. Photograph showing the intrusive relationship between FG and LG 
 
FG 
LG 
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Coarse Grained Porphyritic Gneiss (CPG) 
The CPG forms the bulk of the Bomdila batholith. Almost the central part of the 
batholith is occupied by the coarse grained gneisses (Figs. 2.7 & 2.8) and shows a 
variation in their granularity from medium to coarse grained. The rock is porphyritic, 
at places the K-feldspar megacrysts range up to 7 cm in length and have become 
augen in shape which are wrapped around by mica (Fig. 2.9). Some of the feldspar 
porphyroblasts are mesoscopically euhedral, which are not deformed.It is consistent 
with the fact that the megacrysts commonly resist deformation much more effectively 
 
Fig. 2.7. A closer view of Coarse Grained Porphyritic Gneisses 
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Fig. 2.8. Another closer view of CPG 
 
 
Fig. 2.9. Closer view of CPG depicting their augen character   
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Fig. 2.10. CPG outcrop near Bomdila town. Plagioclase phenocrysts spread in the 
groundmass of   biotite and quartz is clearly visible. 
 
than fine grained aggregates (Vernon, 1983; Higgins, 1971) not only in deformed 
granites but also in deformed volcanic and related rocks. The resistance of megacrysts 
to deformation is also evidenced by the quartz inclusions in K-feldspar which show 
rarely strain effects indicating that the inclusions were protected by the strength of the 
K-feldspar (Vernon, 1986).The CPG rocks are traversed by pegmatitic bodies of 
different width and size. The contact between CPG and fine grained gneisses is 
generally sharp as observed 20km from Bomdila town towards Munna village. The 
amphibolitic rocks occur as enclaves in these rocks, which at places show chilled and 
sharp contacts with the CPG (Fig. 2.11). Aplitic veins are also noticed within the CPG 
(Fig. 2.12)along with some flow structures (Fig. 2.13). 
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Fig. 2.11. Photograph showing sharp and chilled contact between mafic dyke and 
CPG. 
 
 
Fig. 2.12. Field photo showing the Aplite vein within the CPG  
 
CPG 
Aplite vein 
CPG 
Mafic dyke 
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Fig. 2.13. Field photo showing flow structure (of feldspars) within the CPG. 
Fine Grained Gneiss (FG)   
Fine grained gneisses occurring in the Bomdila area are usually characterized by the 
presence of relatively small phenocrysts of potash feldspar (~3mm). Gradual 
transition from equigranular to porphyroblastic texture is characteristic of these 
rocks.In the field, the gneisses are discriminated from the CPG with their relative fine 
grain size (1-3 cm) of mainly feldspar porphyroblasts and dominance of more felsic 
mineralogy (Fig. 2.14). The contact of fine grained gneisses come in with 
metasediments (quartzites) is tectonic; stretching in the gneissic rocks at the contact is 
persistent. The stretching features are also documented in thin sections where the 
quartz grains are elongated to ribbon form and are recrystallized. The gneisses are 
mylonitised at the contact. The mylonites are extremely granulated, typically foliated 
and contain ovoid shape relict crystals of feldspars (Fig. 2.15). At the mylonite zone, 
an increase in the intensity of deformation is expressed by a decrease in grain size, 
accompanied by recrystallization. A significant degree of chemical reconstitution 
appears to have taken place at the contact which gave rise to smeared mica films on 
the schistosity surfaces. Foliated basic rocks of varying width and coarseness are also 
commonly found in the fine grained gneiss. Several fine grained aplite veins (Fig. 
2.14) of different width and sizes occur within the fine grained gneisses. 
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Fig. 2.14. Field photo showing an outcrop of typical Fine-grained Gneisses (FG). 
Presence of an aplite vein (AV) crosscutting the FG can be very clearly seen.   
The contact between the gneisses and aplitic veins is generally sharp. These veins do 
not show any foliation indicating their younger age; they might have been generated 
because of the remobilization of host granites during Himalayan orogeny. The coarse 
grained gneisses occur as small elongated enclaves in FG suggesting the younger age 
of the latter rocks.  
 
Fig. 2.15. Field photo of a mylonite with the preservation of a pre-tectonic plagioclase 
mineral. 
FG 
AV 
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Leucogranite (LG) 
The leucogranite is non-foliated to crudely foliated felsicminerals dominated rock Fig. 
2.16 a, b) bordered by pegmatitic zones. The LG intrudes into the fine grained 
gneissesat the outer margin of the batholith. The contact with FG is generally sharp 
truncating with no evident deformation. Along the contact with LG, the fine grained 
gneisses are deformed and have become almost schistose rocks. LG contains 
tourmaline veins which cut across the enveloping gneisses suggesting their later 
intrusions into the gneisses. The tourmaline veins in the leucogranite are not 
deformed, foliated nature of these rocks is not observed in the field but is clearly 
visible in thin sections. The fact that the LG are foliated suggests that they have not 
resulted during tertiary period but represents Pre-Himalayan plutonic activity. This 
phase is free from any enclave. The cross cutting relationship of these granites with 
the fine grained gneisses is more commonly observed (Fig. 2.17). The LG is 
characteristically accompanied by a pegmatitic phase at its margins. The pegmatites 
generally consist of tourmaline, feldspar, muscovite crystals and quartz. 
 
 
Fig. 2.16(a). Photograph showing weakly foliated tourmaline-bearing, represented by 
black needles   in the LG. 
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Fig. 2.16(b). A closure view of tourmaline bearing non-foliated LG. 
 
 
Fig. 2.17. Field photo depicting the intrusive relationship between FG and LG. 
 
FG 
LG 
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Mafic Rocks 
The mafic rocks observed in the Bomdila Group occur as intrusive in both the granites 
(Fig. 2.11) and metasediments (Fig. 2.18 a, b), perhaps indicating that they are the 
younger phases. The mafic rocks are amphibolites which are foliated in nature. 
Generally two types of mafic enclaves occur in the granites. Circular to ovoid shaped 
basic rocks, ranging in size from 20 to 1 m probably representing the older basement 
components belong to one type. The other type includes the mafic intrusive rocks 
which occur in the form of dykes and sills in the granites probably represent younger 
in age than granites. Besides aplitic and pegmatitic dykes that intrude all facies of the 
plutons, mafic intrusives are also found within the granites. The intrusive mafic rocks 
are amphibolitic  they range in thickness from a few meters to 10 m. Grain size 
variation from margin to core is conspicuous with and without amygdales. The 
contact between the mafic rocks and host granites is sharp; however, at the contact 
mafic rocks have become almost schistose (Fig. 2.19).At number of places it has been 
observed that a marginal zone of about 1 m between granite and mafic rocks has been 
developed where considerable reaction between the two rock types has taken place. 
Very thin veins of about 5 cm extend from the intrusive into the granites. Sporadic 
occurrences of sulphide mineral specks are observed in almost all the mafic enclaves.  
 
Fig. 2.18(a). Photograph showing intrusion of mafic sill into the metasediments of 
Bomdila Group of rocks. 
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Fig. 2.18(b). Amphibolite dykes in metasediments of Bomdila Group of rocks. 
 
 
Fig. 2.19. Closer view of amphibolite dyke, which has become schistose in nature. 
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Chapter -III 
PETROGRAPHY 
3.1. Introduction 
The Petrographic analysis is a systematic description method for rocks, minerals and 
other constituents, usually in thin sections by using high-power microscopy. The 
purpose of the petrographic description of rock is important not only for the purpose 
of geological classification but also in order to highlight constituents, texture and 
feature influencing its chemical, physical and mechanical behaviour. It is therefore 
essential to characterize the rock not only from the point of view of their mineral 
components and of their fabric and structure but also in terms of any feature such as: 
colour, presence of veins, of fossils, of discontinuities etc. Typically petrographic 
examinations will include details about the following: 
1) Mineral Composition 
2) Structure 
3) Colour/Discolouration 
4) Texture 
5) Grain-Size 
6) Weathering Classification 
7) State of alteration 
8) Discontinuities 
9) Fracture-State 
10) Geological classification 
The petrographic analysis has always been a very important part of igneous petrology, 
sedimentary petrology and structural geology programmes. The petrographic analysis 
can be qualitative or quantitative or both: 1) The qualitative examinations identify and 
describe some or all of the constituents but the proportion of the constituents are not 
established. 2) The quantitative examination determines some or all the constituents in 
the samples. To obtain information on the rock and mineral composition of aggregates 
two quantitative methods generally are used, namely grain counting method and point 
counting method.  The grain counting method is used on one or all “coarser” size 
fractions where aggregates particles are divided into individual rock/ mineral group 
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by hand sorting. The result is given as particle percent of total counted particles or 
weight percent of total weight. The point counted method first moulds selected size 
fractions into the sections. By use of a petrographic microscope and a point counter 
device traverses in two directions are carried-out to form a virtual orthogonal grid that 
covers the whole thin sections. The ultimate aim for the petrography would be an 
increased accuracy of petrographic analysis with respect to precision and 
nomenclature.  
In general, the Bomdila Orthogneisses are foliated, augen-bearing, medium to 
coarse grained, leucocratic and consists of quartz, plagioclase (albite to oligoclase), 
microcline, biotite and muscovite as essential minerals. The substantial amount of 
felsic mineralogy strongly suggests that they are leucogranite magmas, in agreement 
with the common occurrence of other such leucogranites in the Himalaya. Field (or 
megascopic) observations indicate three types of granite phases including Coarse 
Grained Porphyritic Gneisses (CPG), Fine grained Porphyritic Gneisses (FG) and a 
non-foliated to weakly foliated Leucogranite (LG). But on the basis of mineralogy, 
two principle types of granites are delineated. They are tourmaline free biotite-
muscovite (here after referred to as two-mica granites comprising of CPG + FG), 
which constitutes major part of the pluton and tourmaline-bearing granites (here after 
referred to as tourmaline granites consists of LG). The only mineralogical difference 
between the two types is in the nature of the ferromagnesian phase, biotite in two-
mica granites and tourmaline in tourmaline granites. The gneissose structures with 
perfect alternate bands of mica and quartzo-feldspathic minerals are preserved in the 
two mica granites in which the augens are of quartz and sodic plagioclase. They show 
porphyritic texture with the development of K-feldspar and plagioclase phenocrysts 
set in a groundmass of quartz, biotite and muscovite. In addition to perthite, 
myrmekite and graphic, intergrowth textures were also developed in the two-
micagranites. Inclusional relationships and crystal morphologies have been used to 
constrain the crystallization sequence,which is very similar for both types. Plagioclase 
showing tabular habit was perhaps the earliest mineral to crystallize, whereas anhedral 
K-feldspar phenocrysts, which contain abundant inclusions of other phases, occurred 
later. Biotite is usually interstitial and commonly intergrown with muscovite. 
However, albitic plagioclase (An12) phenocrysts with occurrence of abundant euhedral 
biotite and muscovite inclusions (along cleavage planes) suggestthat the latter 
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minerals began to crystallize early. The quartz is generally interstitial but also 
commonly occurs as rounded inclusions in plagioclase, K-feldspar, biotite and 
muscovite thus, indicating an early crystallization. Some samples, particularly those 
from the marginal part of the main pluton, show fine to medium grained cataclastic 
textures with abundant tectonic related features. For example, occurrence of ribbon 
quartz with undulating extinction, bending in biotite, bending and cracks in 
plagioclase which are invaded by plastically mobilized quartzetc.are some of the 
features indicative of ductile shearing of the rocks at the contact zone. In addition to 
these features, the two mica granites also exhibit mylonitisation characteristics at the 
contact zone along with the development of tectonically fractured garnets where 
muscovite and quartz squeezed plastically into cracks of the brittle garnets. Among 
the accessory minerals, iron oxides occur along with apatite, zircon and garnet. The 
tourmaline granite consists of predominantly quartz, K-feldspar, plagioclase, 
muscovite and tourmaline. Biotite is either absent or very rarely found in the thin 
sections. Tourmaline is euhedral to subhedral, slightly broken and contains abundant 
inclusions of quartz, muscovite and, in some cases, of apatite. Tourmaline is also 
found as inclusions in euhedral plagioclases and anhedral quartz. The occurrence of 
penetrative relation betweentourmaline and muscovite suggest a magmatic origin for 
these two minerals. Foliation is completely absent in this granite, however, few thin 
sections show weak foliation. Textures are mainly equigranular, with occasional 
plagioclase or K-feldspar megacrysts up to 4mm in length. Quartz recrystallization 
along cleavage planes of perthitic feldspar suggests that it has been subjected to 
metamorphism during Tertiary Himalayan orogeny and hence is considered to be 
older than Tertiary age. Zircon and tourmaline occur as common accessory minerals. 
About 50 thin sections were prepared for petrographic study.Twenty 
representative thin sections were selected for modal analysis to determine the relative 
amounts of the various mineral components of a rock. Modal analyses have been 
carried out by adopting the method described by Chayes (1956). For the Modal 
analyses, a large number of points (500-1000) were counted. The modal compositions 
of alkali-feldspar, quartz and plagioclase have been plotted on Q-A-P diagram of 
Streckeisen (1976). The Bomdila granitoid rocks are essentially granites according to 
the IUGS classification. However, some of the samples plot towards the quartz apex 
indicating the quartz rich composition of the granites. Lameyre and Bowden (1982) 
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have shown that this (Q-A-P) diagram can also be used as a powerful tool in 
identifying various granitoid series and related rocks. They have identified four series 
which follows:  
1. Calc-alkaline series and variants 
2. Alkaline series 
3. Tholeiitic series 
4. Mobilizates and related granites 
 
Of the four series, mobilizates are characterized by the occurrence of abundance 
of metasedimentary xenoliths, the presence of aluminous minerals such as muscovite 
and/or sillimanite, andalusite, cordierite, garnet and felsic mineral compositions which 
plot in the experimental Qz-Ab-Or system close to the thermal minimum. They 
further suggested that this group of granitoid rocks have been attributed to the partial 
melting of crustal material. They have demarcated a boundary on Q-A-P diagram 
which represents the fields for crustal melts. The Bomdila granitoid samples generally 
plot in the field of crustal melts, thus indicating similarity with mobilizates which in 
turn suggest crustal source for the granites.  
3.2. Detailed description of individual phases 
3.2.1. Coarse Grained Porphyritic Gneiss (CPG) 
It is a medium to coarse grained gneissic rock. The dominant mineral fabric, 
which forms the gneissic foliation, is defined by the alignment of biotite flakes (Fig. 
3.1) associated with quartz and plagioclase. They show porphyritic texture with large 
phenocrysts of alkali- feldspar (~6 mm) set in the groundmass of sub-idiomorphic 
quartz, plagioclase (oligoclase) and biotite. Biotite shows cross-cutting relationship 
with quartz, indicating the early crystallization of biotite than quartz (Fig. 3.2). The 
alkali-feldspar phenocrysts are euhedral to subhedral; they are commonly perthitic, 
with inclusions of plagioclase and quartz. The megacrysts are commonly corroded 
and embayed by the groundmass, and are rounded where the groundmass is highly 
granulated and recrystallized. The megacrysts are thus interpreted as primary 
phenocrysts. 
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Plagioclase has a tabular habit and shows carlsbad and albite twinning; 
breaking of lamellae along microfault is noticed in some thin sections (Fig. 3.3); 
inclusions of biotite and quartz are found in plagioclase. It occurs as phenocrysts, in 
groundmass and as augen crystals which are wrapped around by muscovite (Fig. 3.4 
a,b).  
 
Fig. 3.1. Microphotograph (5 x) depicting coarse grained gneissic foliation in CPG 
rocks. Bio=Biotite; Qtz=Quartz. (5x). 
Plagioclase shows reaction margins with K-feldspar indicating corrosion of 
the plagioclase by later K-feldspar. Orthoclase partly infiltrates and replaces 
plagioclase.  Quartz has crystallized along the fractures formed by the deformation of 
twin lamellae of plagioclase. Along plagioclase alkali-feldspar interfaces, wart-like 
growths of myrmekite are common. Brown pleochroic biotite, ranging from small to 
large subhedral to euhedral grains, is the dominant mafic phase and constitute 16% of 
the rock by volume. It contains inclusions of zircon and apatite along with quartz. 
Muscovite occurs as subhedral grains in the groundmass which is dominated by 
quartz followed by plagioclase and feldspar. Occasional recrystallization and plastic 
flowage of quartz points to the tectonic disturbance in the area and this is further 
substantiated by the tectonically produced augen shaped quartz grains that have been 
encountered in some samples. Most of the quartz grains exhibit undulose extinction. 
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Graphic intergrowth of quartz and feldspar is seen. The petrographic relations clearly 
indicate the crystallization sequence as biotite-plagioclase-alkali-feldspar and quartz. 
The latest quartz occupies the interstitial spaces of the earlier formed minerals.At least 
two phases of deformation of the CPG rocks is noticed in many of the thin sections 
where second phase muscovite is aligned perpendicular to the first phase foliation 
plane (Fig. 3.5). Accessory phases include zircon, apatite (Fig. 3.6), garnet, epidote 
and ilmenite. Tourmaline is a rare accessory mineral. Euhedral magmatic epidotes are 
rarely found.  
 
Fig. 3.2. Biotite showing cross-cutting relationship with quartz. (5x). 
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Fig. 3.3 Microphotograph showing a euhedral plagioclase (Plg) which is fractured 
with replacement oflamellae. A K-feldspar phenocryst occurring as Perthite (Pth) with 
quartz inclusions is clearly visible. (5x). 
 
 
Fig. 3.4 (a). Microphotograph showing plagioclase augen which is wrapped around by 
muscovite flakes. (5x). 
 
Mus 
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Fig. 3.4 (b). Microphotograph showing plagioclase augen which is wrapped around by 
muscovite flakes. (5x). 
 
 
Fig. 3.5. Microphotograph showing two phases of deformation of the CPG rocks 
where the second phase muscovite (Mus) is aligned perpendicular to the first phase 
(main) foliation plane. (5x). 
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Fig. 3.6. Microphotograph showing the presence of apatite (Ap) accessory phases in 
CPG. (5x). 
 
3.2.2. Fine Grained Gneiss (FG) 
The fine grained gneiss is a medium to fine grained, moderate to highly felsic 
rock (Fig. 3.7). It is usually characterized by the presence of relatively small 
phenocrysts of potash feldspar (~3mm). Gradual transition from equigranular to 
porphyroblastic texture is characteristic of these rocks. Quartz is invariably strained 
and is composed of subgrains with sutured boundaries. The quartz grains exhibit 
undulose extinction. At many places, quartz is elongated (ribbon quartz) and augen 
shaped. Very small quartz grains (0.1-0.3 mm) are plastically deformed, and occupy 
the interstitial spaces. These microstructures are interpreted to indicate deformation 
by dynamic recovery at moderate temperatures and low strain rates (Vernon, 1976). 
Polygonization of quartz with a triple point junction invariably at 120⁰ angle is 
frequently found. Quartz crystals showing mosaic texture are commonly observed in 
the rock. Plagioclase occurs both in groundmass and as phenocrysts. It forms large 
tabular grains with very few primary inclusions. Two generations of plagioclase are 
encountered in these rocks; the early formed plagioclase (An 12) has been cut by later 
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anhedral plagioclase (An 4). The fine grained gneiss has 20% plagioclase by mode. 
The plagioclase grains are highly sheared and broken into several sub grains, thin 
twin-lamellae in plagioclase are bent or dislocated. Albite-carlsbad and baveno twins 
are commonly observed. However, C-type twins are also found in a few thin sections 
indicating the magmatic origin of the plagioclase.  
 
Fig. 3.7. Microphotograph of FG depicting the medium to fine-grained nature. (5x). 
 
The occurrence of relict plagioclase in a K-feldspar phenocryst (perthite) suggests that 
early crystallization of plagioclase from the magma. In some thin sections, the 
plagioclase shows terminated albite and pericline twins which are interpreted to be the 
result of deformation(Vance, 1961). Biotite is the main ferromagnesian mineral in the 
fine grained gneisses. It occurs as subhedral to mostly euhedral crystals up to 3mm, 
pleochroic in light olive brown to dark brown with apatite and zircon as main 
inclusions. Biotite is less in abundance (4-6 vol. %) compared to muscovite (~20 vol. 
%). Zigzag arrangements of biotite flakes due to folding (Fig. 3.8) and 
recrystallization of quartz in the crests of the microfolds is observed. Sometimes, 
parallel arrangements of biotite flakes are abutted by later crystallized feldspars. In a 
few thin sections replacement of biotite by microcline is observed. Muscovite is 
always present in association with biotite. Alteration in muscovite is very limited. 
Tectonically disturbed muscovite crystals with undulatory extinction can be 
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recognized in most of the thin sections. Alkali feldspar generally occurs as anhedral 
grains of microcline perthite that occasionally enclose plagioclase and biotite. Next to 
quartz, K-feldspar is the dominating mineral constituentin the FG and makes up to 
35% by volume. They are closely associated with growths of myrmekite. Twinned 
perthites are commonly encountered. Microcline occurs as subhedral crystals with 
cross-hatched twinning; phenocrysts of microcline are found in some thin sections. 
The microfissures in the microcline are sealed with quartz and muscovite. The graphic 
intergrowth with quartz is not uncommon. The later crystallized K-feldspars have 
reacted with the early formed biotite; quartz is released at the margins. 
 
Fig. 3.8. Microphotograph showing the presence of biotite (Bio), Muscovite (Mus) 
andabundant quartz in FG rocks. (5x). 
Calcite crystals with very clear rhombohedral cleavages (Fig. 3.9) occur as 
fracture filling in K-feldspars. The occurrence of calcite along the fractures indicates 
that it may have been deposited by late stage hydrothermal solutions. Quartz also 
occurs in association with calcite. The accessories include apatite with subhedral to 
euhedral shape and subrounded zircon crystals as inclusion in biotite. Chlorite, 
epidote and sericite occur as secondary minerals.   
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Fig. 3.9. Microphotograph showing the calcite (Cal) crystals along fractures within 
theFG rocks. (5x). 
 
3.2.3. Leucogranite (LG) 
The Leucogranite is petrographically a distinct unit. It is a felsic and equigranular 
rock with quartz and feldspars as dominant minerals. The LG is a non-foliated to 
crudely foliated rock(Fig. 3.10) and form isolated small outcrops in the main pluton. 
All of the constituents in the granite are anhedral with typical development of 
allotriomorphic texture. Most of the minerals are relatively fresh; the deformation 
structures are extremely rare. The rock constitutes mainly of quartz, K-feldspar and 
muscovite with their modal percentages 35, 20,15% respectively .The leucocratic 
granite contains patches of tourmaline with the groundmass phases (Fig. 3.11). The 
tourmaline crystals (3% by volume) are subhedral to euhedral set in the groundmass 
of quartz, K-feldspar and muscovite. A late stage magmatic origin is favoured for 
much of the tourmaline as it rarely exhibits replacement textures. Quartz of two 
generations occurs in the rock, the later formed quartz follows the quartz/tourmaline 
margin and extends into a crack of the tourmaline. Biotite and quartz infiltrate the 
tourmaline crystals. In some thin sections, the groundmass contains small patches of 
microgranophyre (i.e., eutectoid-like intergrowthsof quartz and orthoclase).   
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Fig. 3.10. Microphotograph of a typical non-foliated to crudely foliated LG. (5x). 
 
 
Fig. 3.11. Microphotograph showing the occurrence of Tourmaline (Tour), zircon 
(Zir) minerals in the groundmass of K-feldspar (K-Felds), Biotite, Muscovite and 
Quartz in the FG rocks. (5x). 
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Plagioclase is sodic with a tabular habit and exhibits complex twinning and slight 
normal zoning. Biotite and tourmaline are the two main ferromagnesian minerals. 
Biotite is less in abundance and in some of the rocks it is absent; such rocks are 
dominated by muscovite. Plagioclase with myrmekitized marginal zones, are less in 
abundance and make up to 10% by volume. 
In the leucogranite rocks quartz, plagioclase and biotite are early crystallizing 
phases that form large euhedral crystals with few inclusions. Among the accessories 
tourmaline and apatite are ubiquitous. Apatite, rare earth phosphates and zircon 
occurs as inclusions in biotite and suggest the early crystallization of these accessory 
phases. Quartz and alkali-feldspar dominated the final stages of magmatic 
crystallization.  
3.2.4. Petrography of Metabasic rocks 
The metabasic rocks are mostly dark green to greenish black in colour. The 
rock has sparsely distributed phenocrysts (Plagioclase and hornblende) with typical 
development of ophitic texture. The groundmass consists of plagioclase and 
hornblende. The metabasics have a pronounced schistosity which is marked by 
parallel orientation of hornblende crystals (Fig. 3.12 a, b, c). The chief mineral 
constituents are augite, hornblende, biotite, plagioclase (oligoclase- andesine), sphene, 
epidote, chlorite and quartz. Quartz is present in minor quantity. Most of the quartz 
grains are elongated. At places, recrystallization of quartz crystals with well defined 
sutured margins can be recognized. Plagioclase crystals contain inclusions of chlorite. 
Plagioclase occurs as lath shaped crystals which are completely or partly surrounded 
by the mafic minerals. The subhedral epidote crystals are present in association with 
plagioclase and amphiboles. In some of the thin sections, the plagioclase crystals with 
well preserved twinning are encountered, which are wrapped by biotite. Large 
euhedral crystals of plagioclase abut against foliated biotite; this indicates post-
tectonic crystallization of plagioclase. The anorthite content of plagioclase varies 
from contact to central parts of the intrusives. At many places,twin lamellae are bent 
and fractured. However, the number of such deformed crystals is very less or absent 
in the central part of the intrusive.  
The pyroxene is represented by augite in the basic rocks (Fig. 3.13). Most of 
the augite crystals enclose plagioclase, showing ophitic texture (Fig. 3.14). Calcite has 
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been observed in association with pyroxene. Calcite occurs as subhedral crystals and 
at places, it is associated with quartz. Amphiboles are abundant and occur in the form 
of prismatic crystals. The preferred orientation of hornblende prisms imparts foliation 
to the rock. Biotite flakes, relatively less abundant than hornblende, are aligned 
parallel to hornblende crystals. Subhedral epidotes are present in association with 
amphiboles; the epidote is secondary in nature that is formed by the breakdown of 
amphiboles which may be due to late stage hydrothermal alterations. Reddish brown 
biotite shows marked pleochroism from light brown to deep brown and occurs as 
small flakes. Opaques, chlorite and leucoxene constitute minor accessory mineral in 
the metabasic rocks. 
 
Fig. 3.12 (a). A typical amphibolite showing the weak alignment of hornblende 
(hornb) and plagioclase minerals. (5x). 
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Fig. 3.12 (b). A typical amphibolite showing the development of abundant hornblende 
(hornb) and very few quartz minerals. (5x). 
 
Fig. 3.12 (c). Another amphibolite microphotograph showing the development of 
hornblende (hornb) and plagioclase minerals. (5x). 
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Fig. 3.13. Amphibolite microphotograph showing the development of augite (aug). 
(5x). 
 
 
Fig. 3.14. A microphotograph showing the development of typical ophitic texture. 
(5x). 
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Chapter -IV 
GEOCHEMISTRY 
4.1. Introduction 
Geochemistry is an essential tool in understanding the genesis of magmatic 
rocks including the nature of source and the process of crystallization. The chemical 
composition of a rock is divided into three general groups. 1) Major 2) Minor and 3) 
Trace elements. This kind of division is essentially related to abundance, where a 
major element is greater than 1.0 wt. % of the rocks or minerals; a minor element 
contains range between 0.1- 1.0 wt. % (< 1000 ppm). According to Hanson and 
Langmuir (1978), a trace element is an element whose concentration is such that, 
there is no stoichiometric constraint on its abundance in both minerals and liquids. A 
trace element is an ideal solution that follows Henry‟s law. An essential structural 
constituent (ESC) is an element which totally fills a site in any mineral in the system, 
for example, Zr is an Essential Structural Constituent (ESC) in zircon but a trace 
element in clinopyroxene. An intermediate element lies between these two end 
members. Geochemical analysis is the measurement of the quantities of elements, 
isotopes, minerals and compounds in a rock. The applications of geochemistry stretch 
from the core to the outer atmosphere and beyond it. In the contact of earth sciences, 
geochemical analysis commonly implies quantitative work with a numerical output. It 
is thus, the quantitative examination of the composition of natural earth materials. 
When any geochemical device used to quantify the composition of the material, the 
detector output is usually in the form of some sort of electrical signal. The electrical 
signal must be converted into meaningful geochemical parameters, such as a unit of 
concentration. This conversion is usually achieved via a calibration curve. 
Another important features that should be discussed when major, minor and trace 
elements are used in tectonomagmatism are. 
1. Element mobility  
2. Element compatibility 
1. Element Mobility 
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Mobility or immobility of an element depends on its tendency to be 
transported significantly in the fluid phase during weathering and metamorphism. 
Mobile elements include Na, K, Ca, Ba, Rb and Sr whereas immobile elements are 
Fe, Ni, Cr, V, Ti, P, Zr, Y, Nb and rare earth elements. Though Zr is usually 
considered to be immobile, the studies by Rubin et. al., (1993) indicate that Zr can be 
mobile in hydrothermal systems developed in a broad range of igneous geochemical 
environments. In general, mobile elements are not particularly useful for petrogenesis 
and discrimination purposes, although they are still commonly used in some 
discrimination diagrams. So, one has to be careful in selecting the elements in 
interpretation of the data, because it is very important that the elements used as 
geochemical discriminants must be able to characterize the composition of the 
parental magma and ideally, the composition of the magma source. Further, Wood et. 
al., (1979) have used the term “hygromagmatophile” (HYG) for those elements with 
bulk distribution coefficients (D) less than 1. These can be sub divided into “ more- 
HYG ” for those elements with D < 0.01 (Cs, Rb, K, U, Th, Ta, Nb, Ba, La, Ce Zr, Hf 
) and “ less-HYG ” for those elements with D ~ 0.1 (Zr, Hf Sr, P, Ti, Y and the heavy 
REE) in ocean basalt suites. Saunders et. al., (1980) have proposed a slightly modified 
subdivision of the above classification based on the ionic character of the trace 
elements. According to their division, incompatible or hygromagmatophile elements 
(D < 1) may be divided into two main groups depending on the radius/charge ratio of 
their ionic state. 
a) High Field Strength Elements 
High Field Strength Elements are defined as having a radius/charge ratio of 
less than 0.2; include Zr, Hf, Ti, P, Nb and Ta. 
b) Low Field Strength Elements 
Low field strength elements are defined as having a radius/charge ratio of over 
0.2, include Cs, Rb, K, Ba, Sr, Th, and U. The low field strength elements (plus La 
and Ce) equate with the LIL elements as originally defined by Schilling (1973). 
However, Saunders et. al.,(1980) stated that these divisions should be regarded as a 
considerable over simplication of the situation found in magmatic systems, although 
in high grade metamorphic terrains, elements such as K, Rb and Ba would generally 
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be selectively remove from the metamorphic assemblages. Therefore, it is clear that 
the elements that we use in any interpretations should be “immobile” or “non-liable.” 
Very few trace elements fulfill all these requirements. Ti, P, Zr, Nb, Y and the rare 
earth elements (REEs) are the most often used examples. 
2. Element Compatibility 
The behaviour of trace elements during the evolution of magmas can be 
considered in terms of their partitioning between crystalline and liquid phases, 
expressed as the bulk partition co-efficient (D). The trace elements with D < 1 are 
incompatible and are preferentially concentrated in the liquid phase during melting 
and crystallization (e.g., K, Rb, Sr, Ba, Zr, and Th). The trace elements with D>1 are 
compatible and are preferentially concentrated in the residual solids during partial 
melting and extracted in the crystallization solids during fractional crystallization. 
 
4.2. Analytical Methods 
Fresh samples of different rock types such as granites and basalt rocks from 
the Bomdila Group, Arunachal Pradesh were collected in the field. Because of the 
extensive road cuttings and good exposure in the area, it was possible to collect fresh 
samples. The samples were collected from the central parts of the exposure, as it is 
likely that this part would represents the true chemical composition, with minimum 
possibilities of contamination. The rugged topography, bad climate sometimes made 
the collection of representative samples difficult. Weathered surfaces were trenched 
near about 10-15 cm into the rock face and near about 2cm thick slabs and chips were 
taken as samples. The fresh samples were put into the polythene bags and placed into 
zip lock bags marked with sample number and location and transported to the 
laboratory. After a careful examination of the rock sample, fresh samples have been 
selected for chemical analysis. Powders of whole rock samples were prepared from 
the fresh rocks. Unweathered rocks were reduced to small chips all the cut surfaces 
were checked to show no sign of veins. These pieces were then crushed in a stainless 
steel mortar to produce fragmentary pieces, which were usually several millimeters in 
size, then powdered by the Pulverizer located in the Department of Geology, Aligarh 
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Muslim University, Aligarh to obtain fine powder up to -200 mesh size. The ball mills 
were cleaned after each sample by distilled water and then by acetone to avoid 
contamination between samples. 
4.2.1. Pellets Preparation 
The quickest and simplest method for the preparation of pellets for X-ray 
fluorescent spectrometer (XRF) is to press the powder directly into pellets of equal 
density. After weighing 6 grams of powdered sample 2 to 3 drops of Epoxy-resin 
(polyvinyl alcohol) was added to the mixture so, act as a binder. Following points 
were taken into consideration before using the binding material. The binder must be 
free from significant contaminant elements and must have low absorption. It must 
also be stable under vacuum and irradiation conditions and it must not introduce 
significant inter-element interferences. The powder and the binding agent were gently 
grinded with the help of an agate ball mill and pestle so that mixture will be 
thoroughly mixed. This homogenized material pressed in a hydraulic press to produce 
a circular 40 mm disk was then marked with the representative sample number, which 
was utilized for chemical analysis of major element oxides by X-ray ﬂuorescence 
spectrometry (Siemens SRS-3000 sequential X-ray Spectrometer) at the Wadia 
Institute of Himalayan Geology, Dehradun. The analyses were performed with the 
pressed powder pellets for major elements using International and reference standards 
(G-1, G-2, GSP-1 and JG-2 for Granite samples; AGV-1, BIR-1, BHVO-1, W-2, BR 
for basic samples) for calibration. 
4.2.2. Preparation of Solution B 
Open acid digestion procedure was adopted during the preparation of rock 
solution. 0.5 gram of each powdered samples were weighed with electronic weighing 
machine and poured into marked 60 ml teflon beakers. An acid mixture of 1ml 
perchloric acid (HClO4) + 3 ml of nitric acid (HNO3) +7 ml of hydrofluoric acid (HF) 
are taken into each beaker. Samples were swirled until completely moist. Now each 
beaker is covered with lid and allowed for overnight digestion. The following day, the 
beakers were heated on a hot plate at 150 
0
C. After one hour only the lid is removed 
from each beaker and left them as usual on the hot plate for evaporation to incipient 
dryness. 5 ml of acid mixture (containing 7.3.1 HF-HNO3-HClO4) was again added to 
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the Teflon beaker and dried until crystalline paste resulted. The remaining residue 
(precipitate) was then dissolved by adding 20 ml of 1. 1 HNO3 to each beaker and 
kept on a hot plate for 10 minutes with gentle heat (70 
0
C). 5 ml of 1ppm 
103
Rh 
solution was added to each beaker (International Standard), finally the volume was 
made up to 250 ml with double distilled water. Now the prepared solution was stored 
into separate 100 ml of fresh polypropylene plastic bottle and marked which was 
utilized for chemical analysis. All this procedure was carried out at National 
Geophysical Research Institute, Hyderabad, India. All the major oxides such as SiO2, 
Al2O3, MgO, K2O, P2O5, Fe2O3, CaO, Na2O, TiO2, P2O5, and MnO were determined 
by X-ray ﬂuorescence spectrometry (Siemens SRS-3000 Sequential X-ray 
Spectrometer) at the Wadia Institute of Himalayan Geology, Dehradun, India. 
4.2.3. Loss on Ignition  
It refers to the mass loss on a combustion residue whenever, it is heated in an 
air or oxygen atmosphere to high temperature. The weight of the empty nickel 
crucible was first noted, with the help of electronic weighing machine, 2 gram of 
powdered sample was then poured into the nickel crucible and weighed put into the 
dessicator for the purpose of transportation. Samples were then put into the oven at a 
temperature of 900 
0
C for about 30 minutes. The nickel crucible was again weighed 
after removing from the hot oven and cooled by putting in the dessicator along with 
crucible. The difference between the two values of the same sample provides the Loss 
on ignition (LOI).The trace elements as Nb, Y, Sc, Ba, V together with rare earth 
elements as La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb, Lu have been analyzed on 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) at National Geophysical 
Research Institute, Hyderabad. 
4.3. Effects of Alteration 
Although the igneous Petrologists generally attempt to work with fresh 
specimens, occasions may arise when it becomes necessary to make examinations and 
identifications of partly decomposed and altered materials. This is particularly true for 
rocks collected in highly deformed terrains like Himalayas or in mineralized zones 
adjacent to or within ore deposits. Also certain igneous rocks have undergone 
extensive changes as the result of reaction with solutions or gases derived from the 
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same magmatic source as the altered rock or from separate unrelated igneous bodies. 
Since the rocks under discussion are from the Himalayas which have suffered 
greenschist to amphibolite facies metamorphism, it is necessary to take into 
consideration of known behaviour of some elements (e.g. Rb, K) during alteration and 
metamorphism and upon which less petrogenetic reliance may be placed. Although 
the Bomdila granites and associated mafic rocks show limited petrographic elements 
of secondary alteration, the possible effects of alteration, we evaluated below in order 
to justify the use of geochemistry in their petrogenetic interpretations. 
4.4. Alteration Effects in Granites 
Alkalis are the most susceptible elements to secondary alteration processes 
among major oxides. Higgins et. al., (1985) argue that the presence of albite, instead 
of a more An-rich plagioclase, is a result of Na metasomatism of primary plagioclase 
and K-feldspar. However, the albite crystals in the studied granites are mostly 
magmatic. Evidence is given by. (1) their presence as large, euhedral, faintly zoned, 
and twinned crystals in porphyritic samples; (2) no evidence of replacements by albite 
of more An-rich plagioclase and K-feldspar; (3) no strong depletion of Sr, Ba and Eu 
(Higgins et. al., 1985). When plotted against silica, the alkalis do not show much 
scatter which may further indicate the less altered nature of the elements/minerals. 
Petrographic evidences for alteration includes limited growth of epidote from 
plagioclase, slight sericitization of feldspar, and the chloritization of biotite. The 
hydrothermal interaction with the granite is strictly confined to the marginal zone of 
the batholiths, but lack evidence of for fluid interaction between granites and the host 
rocks on a major scale suggest that hydrothermal alteration was limited. However, the 
non systematic variations in CaO, Rb and Ba as well as high loss on ignition (Table 
4.1) do suggest the chemical changes affected by the post crystallization alteration at 
least in these elements. The rare earth elements are generally considered to be 
resistant and therefore immobile during secondary alteration process. The REEs are 
incorporated in stable phases like monazite, apatite and zircon. Since the rare earth 
pattern for Bomdila granites are smooth with no suspicious anomalies, it can be 
inferred that REE concentrations of the Bomdila batholiths closely represent the 
magmatic values. 
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4.5. Alteration Effects in Metabasic Rocks 
The geochemical data of mafic rocks were plotted in the CaO/Al2O3-MgO/10-
SiO2/100 ternary diagram of Schweitzer and Kroner (1985), to estimate whether the 
samples have been altered in terms of these elements. It is evident from the plot (Fig. 
4.1) that all the samples fall mainly in the “not altered” field.  
 
Fig. 4.1.  CaO/Al2O3-MgO/10-SiO2/100 ternary plot (Schweitzer and Kroner, 1985) 
for the Bomdila basic rocks. 
A slight increase in the values of Na2O may be attributed to the albitization or 
spilitisation process which might have replaced Ca by Na to a varying degree. In 
various plots using the different major and trace elements, the volcanic rocks reveal 
tholeiitic nature which may again indicate the little or no alteration of the samples. 
The consistent variations of majority of the major and trace elements denote that the 
rocks have preserved much of their primary igneous chemistry, giving rise to 
acceptable intra-suite correlations for the immobile elements. It can be inferred from 
the above observations that though most of the elements in granitic and mafic rocks 
show their primary igneous signatures, some non systematic variations, however, 
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warrant a caution against the relying too much on major element data while using for 
petrogenetic interpretation. For this reason the elements which are known to be 
immobile or less mobile during secondary alteration such as Ti, P, Zr, Nb, Y, Cr, Ni 
(Saunders et.al., 1980), will be used for magma classification and in discussion. 
4.6. Geochemistry of Granites 
4.6.1. Major Elements Variations 
Preliminary microscopic observations were performed in order to make sure 
that the analyzed samples were free from weathering or post magmatic hydrothermal 
alterations. The selected analyses of the samples are listed in Table 4.1. The major 
elements chemistry of Bomdila granites reveal small but significant variations with a 
silica range 65-75 % for the sequence, coarse grained porphyritic gneiss-fine grained 
gneiss–leucogranite. The average silica contents are 66.59 % for CPG, 67.67 % for 
FG and 74.33 % for LG. Because of the similarity in chemical composition, 
mineralogy and close association, CPG and FG have been put under one group as 
CPG. However, LG is classified as second group because of its distinct mineralogy 
and composition.    
The coarse grained gneisses are characterized by restricted silica range (65–67 
%); high Al2O3 (19%), variable CaO, total alkalis, MnO and K2O/Na2O ratio; relative 
to the other two varieties, CPG contains high abundances of TiO2, MgO, Fe2O3
t
 
almost constant P2O5 content with an average of 0.16%. The fine grained gneisses 
have relatively higher SiO2 contents (66-69 %) than CPG. The mafic content 
(Fe2O3
t
+MgO) in the FG type is more than 2%. Among the alkalis, K2O: Na2O ratio is 
always greater than 1; total alkalis made up to 9%. CaO concentration is highly 
variable from 0.7% - 2.0%. MnO content is always constant (0.03%). The 
leucogranites (LG) seem to be more evolved with high silica content (dominantly > 
70%), K2O contents are high, about 6 wt. % and Na2O is normally > 2 wt. %. LG is 
characterized by low concentrations of MgO, Fe2O3
t
, CaO and TiO2. There is no 
change in relative concentrations of P2O5 and Al2O3. MnO% is generally low (0.1%). 
To visualize and compare the major element abundances of different granites, 
the analyses have been plotted on Harker variation diagrams with SiO2 as 
differentiation index. SiO2 has been chosen for the variation diagram because it 
account for more of the variability of the granites than does any other elements. The 
variation plot defines linear trends for some of the elements, especially for Fe2O3
t
,  
69 
 
MnO, TiO2, MgO and P2O5. Although the total alkalis have scattering 
distribution, a broad increase in the alkali concentrations can be seen. Similarly, CaO 
reveals a considerable scattered but generally shows decreasing trends from CPG to 
LG. With respect to variation in silica Fe2O3
t
, MgO, TiO2 and MnO show a strong 
negative correlation (Fig. 4.2). There is very little change in Al2O3 abundance among 
the samples, whereas P2O5 exhibit a poor negative correlation with silica. 
 
70 
 
 
Table 4.1. Major and trace element concentrations of Bomdila Group of rocks 
Felsic 
    
CPG 
   
 
BG-2 BG-3 BG-4 BG-6 BG-7 BG-8 BG-10 BG-11 
SiO2 73.13 72.84 76.17 74.55 61.6 74.71 70.16 55.05 
Al2O3 13.40 13.5 13.45 13.16 19.59 13.79 16.02 22.66 
TiO2 0.44 0.46 0.13 0.41 0.8 0.23 0.55 0.69 
MgO 0.67 0.72 0.18 0.78 2.67 0.45 1.46 2.13 
Fe2O3
t 3.85 4.08 1.27 3.71 6.61 2.5 5.16 8.79 
CaO 1.32 1.34 0.63 1.47 0.53 0.89 1.04 0.74 
Na2O 2.51 2.41 2.66 2.53 1.21 2.41 1.42 1 
K2O 5.05 4.66 5.83 3.86 5.59 5.38 4.1 5.92 
P2O5 0.14 0.15 0.09 0.12 0.1 0.11 0.09 0.17 
MnO 0.04 0.05 0.01 0.05 0.06 0.03 0.02 0.08 
LOI 7.74 7.27 8.59 6.56 6.96 7.93 5.63 7.17 
Sum 100.56 100.21 100.42 100.64 98.77 100.5 100.03 97.25 
Sc 5.758 5.917 2.333 5.48 9.805 3.913 7.406 11.457 
V 30.26 28.252 5.583 30.871 72.508 15.237 48.615 69.595 
Cr 6.735 5.371 2.257 4.86 15.478 4.243 9.71 14.488 
Co 33.268 21.059 33.089 29.596 25.582 39.395 24.249 21.74 
Ni 8.07 5.483 4.249 7.067 14.122 5.716 9.963 12.749 
Cu 0.837 0.98 0.88 0.765 1.948 2.159 0.741 1.926 
Zn 20.953 27.878 19.614 35.735 43.856 19.672 20.506 43.35 
Ga 18.382 18.645 15.17 17.053 25.256 17.449 19.748 28.05 
Rb 278.682 308.258 290.269 273.355 242.468 367.278 178.548 228.164 
Sr 79.758 57.735 38.767 52.665 70.472 42.482 90.608 79.974 
Y 42.219 46.552 17.693 36.935 17.804 48.646 26.367 44.405 
Zr 3.604 2.321 3.101 3.006 3.582 2.465 2.899 2.005 
Nb 11.752 12.176 8.64 10.366 15.217 9.392 10.507 12.759 
Cs 8.53 10.638 2.162 9.528 8.228 11.507 7.263 8.947 
Ba 696.305 470.605 211.9 332.5 952.81 374.329 663.459 939.567 
Hf 0.188 0.151 0.119 0.17 0.159 0.153 0.123 0.129 
Ta 1.625 2.349 1.651 1.817 1.596 1.56 1.279 1.155 
Pb 26.007 25.882 31.626 21.936 31.798 26.01 21.611 25.598 
Th 27.811 28.179 13.566 26.192 19.131 23.365 15.435 19.953 
U 5.906 6.598 2.995 7.726 2.691 6.392 2.645 5.712 
La 54.13 54.998 24.766 46.803 35.099 33.11 55.252 49.929 
Ce 113.02 113.979 52.943 97.395 74.047 69.044 110.64 97.729 
Pr 11.958 12.152 5.726 10.247 7.852 7.297 11.524 9.982 
Nd 45.45 46.035 21.182 37.93 29.01 27.217 42.62 36.624 
Sm 8.699 9.014 4.844 7.317 6.14 5.577 7.142 6.073 
Eu 1.112 1.048 0.544 0.825 0.621 0.624 1.28 1.021 
Gd 7.388 7.647 3.749 5.962 5.433 4.768 5.419 4.644 
Tb 1.183 1.255 0.598 1.001 1.048 0.865 0.683 0.678 
Dy 7.375 8.14 3.375 6.454 7.49 6.031 3.68 4.239 
Ho 0.784 0.881 0.305 0.67 0.883 0.663 0.344 0.469 
Er 2.47 2.75 0.879 2.049 2.853 2.106 1.052 1.622 
Tm 0.301 0.336 0.095 0.241 0.356 0.253 0.116 0.211 
Yb 2.856 3.291 0.809 2.269 3.394 2.277 1.171 2.177 
Lu 0.451 0.527 0.115 0.348 0.505 0.322 0.196 0.359 
A/CNK 1.12 1.18 1.14 1.19 2.17 1.21 1.85 2.41 
A/NK 1.39 1.50 1.26 1.58 2.43 1.41 2.36 2.81 
Rb/Sr 3.49 5.34 7.49 5.19 3.44 8.65 1.97 2.85 
K/Rb 150.43 125.49 166.73 117.22 191.38 121.60 190.62 215.39 
Al/Ga 3857.22 3831.191 4691.364 4083.358 4104.2353 4181.731 4292.416 4274.5404 
K/Ba 60.21 82.20 228.39 96.37 48.70 119.31 51.30 52.30 
Ba/Sr 8.73 8.15 5.47 6.31 13.52 8.81 7.32 11.75 
(La/Yb)N 12.88 11.35 20.80 14.01 7.03 9.88 32.05 15.58 
(La/Sm)N 3.89 3.81 3.19 3.99 3.57 3.71 4.83 5.13 
(Gd/Yb)N 2.09 1.88 3.75 2.13 1.30 1.69 3.74 1.73 
Eu/Eu* 0.42 0.38 0.39 0.38 0.33 0.37 0.63 0.59 
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BG-20 BG-28 BG-33 BG-33A BG-34 BG-35 BG-36 BG-60 BG-66 BG-67 BG-68 BG-68A 
70.49 73.03 74.97 75.21 75.16 75.11 76.18 88.71 72.91 72.37 76.6 70.97 
15.46 14.97 14.61 14.24 14.58 14.11 13.61 8.15 13.93 14.17 13.36 14.15 
0.8 0.23 0.09 0.12 0.1 0.12 0.11 0.17 0.18 0.18 0.21 0.36 
1.55 0.61 0.19 0.37 0.39 0.42 0.31 0.01 0.48 0.88 0.39 0.55 
4.62 2.89 1.34 1.48 1.45 1.64 1.37 0.57 2.49 2.57 0.98 3.31 
1.11 0.48 0.47 0.36 0.38 0.36 0.36 0.24 0.38 0.34 0.34 1.14 
2.34 4.01 3.44 3.01 3.11 2.93 2.87 1.47 2.41 2.32 6.05 2.05 
3.7 3.23 5.02 5.25 5.43 5.29 5.19 0.94 5.44 5.29 1.51 5.75 
0.12 0.11 0.2 0.16 0.17 0.15 0.14 0.03 0.11 0.11 0.11 0.11 
0.05 0.03 0.02 0.02 0.02 0.02 0.02 0 0.01 0.01 0 0.03 
6.21 7.38 8.68 8.44 8.73 8.39 8.22 0.43 0.96 1.2 0.83 0.79 
100.23 99.59 100.34 100.21 100.8 100.16 100.16 100.29 98.34 98.24 99.55 98.42 
6.916 3.44 4.48 4.159 3.726 4.658 4.172 2.089 4.34 4.28 4.37 6.75 
52.625 12.891 11.372 7.716 7.006 9.225 7.922 14.487 3.35 3.65 3.00 7.06 
11.878 4.193 4.671 3.297 2.654 2.387 3.005 46.638 7.59 7.65 7.75 8.48 
22.451 28.239 27.606 32.58 29.526 31.297 34.068 22.305 25.28 30.39 46.42 39.70 
9.172 4.681 4.058 5.391 4.436 3.918 4.643 4.675 2.38 2.63 3.36 3.67 
1.491 0.764 0.668 0.772 1.454 0.708 0.673 25.284 0.23 0.20 0.33 0.25 
31.063 16.251 17.734 16.432 15.41 16.062 16.774 16.427 6.64 6.55 8.98 12.03 
18.033 16.31 17.992 17.475 16.762 17.882 16.476 4.645 17.96 17.76 20.43 22.41 
156.428 177.592 555.611 465.565 426.03 459.684 436.135 22.248 340.43 353.01 156.36 451.69 
109.015 31.394 20.21 21.135 23.05 19.759 20.898 38.846 25.96 18.27 25.55 50.87 
28.673 36.304 18.811 19.237 18.212 28.446 21.472 4.207 40.03 41.67 26.35 47.11 
6.4 19.151 3.273 3.1 3.616 2.733 3.272 2.820 4.47 3.87 8.77 4.49 
13.594 13.635 14.37 12.574 8.964 11.702 10.265 7.205 14.50 12.12 11.35 17.44 
5.559 1.576 33.077 28.438 16.374 26.615 25.12 0.412 2.72 3.50 1.72 26.38 
599.204 290.902 115.422 128.89 171.052 118.896 125.414 287.868 176.24 145.10 76.06 516.48 
0.231 1.056 0.132 0.137 0.138 0.12 0.147 0.062 0.23 0.24 0.38 0.20 
1.675 2.86 3.692 2.542 3.24 3.852 2.242 16.927 8.27 4.69 2.77 4.43 
23.744 14.969 16.304 15.252 15.868 14.217 16.585 6.406 18.57 17.74 16.30 34.92 
23.35 21.187 6.682 9.271 8.308 9.886 9.791 5.077 20.17 19.26 20.70 37.37 
4.545 4.491 8.061 7.348 17.722 30.151 9.14 0.665 11.73 8.44 8.40 18.29 
66.902 63.563 8.302 11.073 12.612 13.752 12.349 57.31 38.11 26.41 9.33 26.89 
130.453 130.309 17.744 23.482 25.574 26.086 26.238 118.44 79.13 52.71 20.01 53.45 
13.411 13.459 1.811 2.407 2.762 2.949 2.673 12.57 8.51 5.82 2.10 6.15 
50.429 51.015 6.913 8.77 10.254 10.874 9.627 47.29 31.89 21.99 7.95 23.17 
8.616 8.279 1.683 1.789 2.2 2.416 1.981 9.40 7.05 4.95 1.93 5.28 
1.495 1.413 0.185 0.209 0.27 0.253 0.201 0.83 0.60 0.29 0.21 0.31 
6.987 6.327 1.552 1.639 1.808 2.22 1.702 8.20 6.46 4.38 1.86 4.60 
1.086 0.86 0.348 0.354 0.376 0.498 0.388 1.39 1.28 0.88 0.45 0.93 
7.15 4.957 2.747 2.876 2.816 4.034 3.042 9.45 9.82 6.73 3.65 6.93 
0.797 0.525 0.319 0.337 0.318 0.474 0.365 0.99 1.14 0.76 0.41 0.77 
2.665 1.731 1.124 1.233 1.078 1.587 1.321 3.19 3.78 2.52 1.46 2.51 
0.336 0.198 0.17 0.186 0.152 0.218 0.192 0.39 0.49 0.32 0.22 0.32 
3.373 1.999 1.876 1.97 1.564 2.195 2.083 3.61 4.51 2.88 2.32 2.87 
0.544 0.296 0.289 0.295 0.224 0.324 0.313 0.56 0.68 0.38 0.34 0.39 
1.56 1.36 1.22 1.26 1.25 1.26 1.24 2.10 1.32 1.39 1.09 1.21 
1.97 1.48 1.32 1.34 1.32 1.34 1.31 2.37 1.41 1.48 1.15 1.47 
1.43 5.66 27.49 22.03 18.48 23.26 20.87 0.57 13.12 19.33 6.12 8.88 
196.35 150.98 75.00 93.61 105.80 95.53 98.79 350.74 132.65 124.40 80.17 105.67 
4536.322 4856.576 4296.681 4311.766 4602.503 4175.162 4370.878 9283.982 4103.313 4220.768 3460.533 3340.4076 
51.26 92.17 361.04 338.13 263.52 369.35 343.53 27.11 256.24 302.66 164.80 92.42 
5.50 9.27 5.71 6.10 7.42 6.02 6.00 7.41 6.79 7.94 2.98 10.15 
13.47 21.60 3.01 3.82 5.48 4.26 4.03 10.79 5.74 6.23 2.74 6.36 
4.85 4.79 3.08 3.87 3.58 3.55 3.89 3.81 3.38 3.33 3.03 3.18 
1.68 2.56 0.67 0.67 0.94 0.82 0.66 1.84 1.16 1.23 0.65 1.29 
0.59 0.60 0.35 0.37 0.41 0.33 0.33 0.29 0.27 0.19 0.33 0.19 
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BG-69 BG-72 BG-73 BG-78 BG-80 BG-1D BG-2D BG-3D BG-4D BG-5D RG-31A 
70.97 69.72 71.15 75.25 69.63 70.15 67.99 67.57 74.02 77.25 66.55 
14.15 14.44 14.21 13.98 13.98 13.89 14.82 15.46 14.39 13.06 14.77 
0.36 0.45 0.3 0.1 0.49 0.54 0.56 0.47 0.11 0.22 0.49 
0.55 1.32 0.45 0.17 0.8 0.91 1.37 1.68 0.24 0.39 3.27 
3.31 4.07 3.2 1.21 4.12 4.52 4.52 4.29 1.38 0.98 5.82 
1.14 0.26 0.9 0.35 1.23 1.44 1.16 0.29 0.42 0.31 0.95 
2.05 1.6 2.1 3.44 2.26 2.01 1.98 1.68 3.24 5.82 2.35 
5.75 5.15 5.49 5.05 4.52 4.16 5.08 5.49 5.35 1.41 2.05 
0.11 0.12 0.11 0.17 0.13 0.14 0.16 0.13 0.18 0.11 0.09 
0.03 0.03 0.03 0.01 0.05 0.04 0.05 0.03 0.03 0 0.1 
0.79 1.61 0.94 0.78 0.94 0.44 1.3 1.54 0.84 0.93 1.59 
98.42 97.16 97.94 99.73 97.21 97.8 97.66 97.09 99.36 99.55 96.44 
7.96 6.61 4.36 4.12 7.19 6.52 7.96 7.65 4.19 4.34 7.710 
9.54 7.52 4.62 2.12 7.65 8.74 9.54 9.21 1.85 2.86 43.742 
8.38 7.83 8.16 7.32 8.23 9.07 8.38 10.24 7.99 7.63 48.955 
32.21 30.39 26.59 26.48 46.91 21.02 32.21 32.73 30.06 47.51 27.466 
3.41 3.38 2.76 2.13 3.87 3.13 3.41 3.48 2.34 3.46 8.304 
0.22 0.24 0.23 0.24 0.29 0.27 0.22 0.43 0.22 0.24 20.949 
15.29 10.12 14.80 6.96 14.99 12.79 15.29 13.61 8.26 5.20 35.745 
20.67 20.12 18.27 19.03 21.99 19.27 20.67 24.81 20.76 20.12 15.033 
309.20 354.80 431.39 550.39 343.52 319.02 309.20 428.37 636.51 142.83 91.315 
42.15 22.16 28.88 17.70 52.54 36.51 42.15 27.05 17.91 22.05 44.743 
38.62 41.36 58.72 22.20 53.34 51.33 38.62 52.32 25.43 24.14 18.670 
3.16 4.67 2.66 2.64 3.40 3.69 3.16 4.57 2.10 11.34 2.873 
18.37 16.07 14.36 16.67 18.90 16.83 18.37 19.99 19.49 12.96 13.425 
6.97 9.46 28.92 40.52 14.75 21.16 6.97 10.67 40.93 1.68 4.862 
447.72 386.45 306.63 95.16 456.59 285.43 447.72 479.19 108.02 67.72 238.288 
0.17 0.19 0.15 0.14 0.18 0.18 0.17 0.23 0.12 0.49 0.096 
3.60 3.45 3.29 7.31 4.69 2.83 3.60 3.90 6.62 4.68 7.636 
27.90 17.56 39.31 16.75 27.91 21.30 27.90 27.37 19.57 15.54 4.326 
32.99 35.40 32.19 7.47 36.45 36.44 32.99 44.16 8.56 21.04 10.950 
4.73 7.60 7.52 19.10 6.74 12.77 4.73 12.92 16.85 8.86 1.683 
57.05 75.70 55.78 6.05 59.57 11.23 6.61 59.84 33.794 15.418 55.78 
116.08 150.04 113.68 17.32 122.45 23.58 17.61 123.05 66.740 32.984 113.68 
12.44 15.65 12.02 1.55 13.06 2.50 1.68 13.04 6.475 3.083 12.02 
47.23 57.13 45.55 6.56 49.20 9.21 7.05 49.18 29.894 14.588 45.55 
9.30 10.77 8.79 1.99 9.58 2.45 2.15 9.69 5.030 2.432 8.79 
0.89 1.08 0.94 0.13 0.99 0.22 0.13 0.89 0.946 0.517 0.94 
7.70 9.49 7.41 2.04 8.19 2.22 2.09 8.45 5.484 2.439 7.41 
1.24 1.55 1.18 0.53 1.36 0.51 0.51 1.42 0.694 0.271 1.18 
8.00 10.21 7.48 4.09 8.88 4.18 3.92 9.46 3.000 0.912 7.48 
0.80 1.03 0.76 0.48 0.91 0.46 0.44 1.02 0.566 0.144 0.76 
2.56 3.26 2.38 1.55 2.89 1.65 1.41 3.28 1.719 0.388 2.38 
0.30 0.38 0.29 0.20 0.36 0.25 0.19 0.39 0.260 0.049 0.29 
3.31 3.40 2.69 1.84 3.34 2.65 1.62 3.69 1.303 0.265 2.69 
0.41 0.50 0.41 0.24 0.52 0.41 0.22 0.56 0.167 0.035 0.41 
1.21 1.66 1.29 1.19 1.29 1.33 1.36 1.67 1.21 1.12 1.89 
1.47 1.76 1.51 1.26 1.62 1.78 1.69 1.77 1.29 1.18 2.43 
7.34 16.01 14.94 31.09 6.54 8.74 7.34 15.84 35.53 6.48 2.04 
154.37 120.50 105.65 76.17 109.23 108.25 136.39 106.39 69.77 81.95 186.36 
3621.7237 3798.0997 4115.2303 3886.328 3364.522 3813.426 3793.2117 3297.0657 3667.364 3434.782 5198.73 
106.61 110.63 148.63 440.53 82.18 120.99 94.19 95.11 411.15 172.85 71.42 
10.62 17.44 10.62 5.38 8.69 7.82 10.62 17.72 6.03 3.07 5.33 
11.69 15.13 14.09 2.23 12.12 2.88 2.78 11.03 17.62 39.52 14.09 
3.83 4.39 3.96 1.89 3.88 2.86 1.92 3.86 4.20 3.96 3.96 
1.88 2.26 2.23 0.90 1.99 0.68 1.04 1.85 3.41 7.45 2.23 
0.32 0.33 0.35 0.19 0.34 0.29 0.18 0.30 0.55 0.65 0.35 
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Basic samples 
                  
 
BG-57 BG-5A BG-58 BG-58A BG-60 BG-61 BG-59 BG-79 DG-8(AR) DG-11 RG-33C 
 SiO2 53.52 51.01 44.82 52.92 46.64 49.09 52.54 47.91 46.3 46.46 50.17 
 Al2O3 12.55 12.05 11.76 12.15 12.22 11.44 13.67 11.92 12.28 12.66 13.66 
 Fe2O3
t 14.55 13.96 16.13 15.72 15.64 15.13 10.94 16.28 15.93 15.64 14.6 
 MgO 4.1 7.23 7.91 7.66 6.72 10.5 4.8 5.94 6.26 7.73 5.68 
 CaO 5.67 6.79 7.62 2.59 5.88 2.62 10.49 9.49 9.7 11.36 7.81 
 Na2O 3.45 3.37 2.64 2.65 4.37 2.76 3.21 2.24 1.91 1.21 2.43 
 K2O 2.72 2.11 1.84 0.24 1.07 3.05 0.47 1.37 1.12 0.93 1.22 
 TiO2 1.72 1.42 1.32 2.49 2.17 2.27 2.41 3.15 3.6 2.07 2.73 
 P2O5 0.24 0.18 0.18 0.23 0.2 0.16 0.41 0.75 0.41 0.25 0.54 
 MnO 0.24 0.23 0.24 0.21 0.21 0.18 0.14 0.24 0.23 0.23 0.21 
 LOI 0.94 1.4 1.95 4.47 2.15 3.63 1.52 0.88 0.44 0.77 1.19 
 Sum 99.71 99.75 96.41 101.33 97.27 100.83 99.08 99.29 97.74 98.54 99.5 
 V 295 329 334 322 298 363 353.95 429.985 396.302 344.1 354.232 
 Sc 41 43 42 39 30 31 26.248 51.138 42.362 39.261 35.915 
 Co 38 40 44 45 38 39 31.283 61.319 76.161 69.401 56.597 
 Cr 67 79 95 42 83 88 71.011 87.832 76.791 69.336 82.365 
 Rb 40 24 23 22 26 41 11.028 64.979 58.02 24.345 68.23 
 Ba 515 314 277 35 183 240 79.348 323.307 257.53 91.409 328.186 
 Sr 107 97 81 bdl 81 12 518.805 232.244 349.182 141.853 262.494 
 Zr 197 133 143 212 141 147 5.938 12.725 8.224 6.785 18.179 
 Y 27 19 20 14 12 12 39.917 72.089 43.311 28.868 55.714 
 Nb 12 9 10 22 12 12 40.038 32.662 46.199 20.363 30.897 
 La 30 20.1 20 nd 24.3 17.6 21.599 34.46 28.068 15.964 36.558 
 Ce 66.3 42.4 45.2 nd 47.9 42.4 48.638 78.349 63.575 36.134 76.7 
 Nd 36 23.8 23.2 nd 23.7 26.5 30.178 50.437 39.323 22.822 45.463 
 Sm 6.61 4.79 4.66 nd 5.44 5.43 6.354 11.776 8.613 5.023 9.918 
 Eu 1.5 1.24 1.24 nd 1.4 1.61 2.269 3.715 2.796 1.754 2.833 
 Gd 6.1 4.53 4.69 nd 4.61 4.87 7.687 15.04 10.227 6.172 12.363 
 Dy 6.05 4.67 4.83 nd 4.49 4.32 6.149 11.848 7.45 4.766 9.156 
 Er 2.87 2.82 2.75 nd 2.5 2.68 4.149 7.545 4.588 3.08 5.663 
 Yb 3.84 3.13 3.36 nd 2.38 2.6 3.188 6.346 3.749 2.678 4.439 
 Lu 0.25 0.24 0.25 nd 0.14 0.17 0.432 0.93 0.565 0.421 0.598 
 Ni nd nd nd nd nd nd 14.569 23.365 32.891 36.417 20.733 
 Cu nd nd nd nd nd nd 38.428 94.56 198.554 108.104 76.169 
 Zn            nd            nd            nd            nd            nd            nd 73.282 127.776 121.516 87.793 134.133 
 Ga            nd            nd            nd            nd            nd            nd 23.269 27.633 24.277 20.496 26.513 
 Cs            nd            nd            nd            nd            nd            nd 0.451 3.945 2.906 0.486 9.773 
 Pr            nd            nd            nd            nd            nd            nd 5.424 8.831 7.076 4.074 8.453 
 Tb            nd            nd            nd            nd            nd            nd 1.198 2.346 1.546 0.958 1.855 
 Ho            nd            nd            nd            nd            nd            nd 1.306 2.461 1.5 0.993 1.851 
 Tm            nd            nd            nd            nd            nd            nd 0.65 1.221 0.729 0.502 0.873 
 Hf            nd            nd            nd            nd            nd            nd 0.33 0.866 0.568 0.465 0.409 
 Ta            nd            nd            nd            nd            nd            nd 9.86 7.259 10.588 7.96 8.708 
 Pb            nd            nd            nd            nd            nd            nd 8.94 8.028 6.831 7.615 11.201 
 Th            nd            nd            nd            nd            nd            nd 2.26 3.82 4.155 2.019 6.154 
 Nb/Y 0.44 0.47 0.50 1.57 1.00 1.00 1.00 0.45 1.07 0.71 0.55 
 Nb/Zr 0.06 0.07 0.07 0.10 0.09 0.08 6.74 2.57 5.62 3.00 1.70 
 Ti/Zr 52.34 64.01 55.34 70.41 92.26 92.58 2433.13 1484.03 2624.27 1828.98 900.29 
 Zr/Nb 16.42 14.78 14.30 9.64 11.75 12.25 0.15 0.39 0.18 0.33 0.59 
 (La/Sm)N 12.49 10.12 10.07 
 
10.84 6.83 5.94 5.79 6.27 5.68 8.06 
 (Gd/Yb)N 1.27 1.21 1.16 
 
1.53 1.34 1.56 1.51 1.61 1.44 1.67 
 (Ce/Yb)N 4.53 3.56 3.53 
 
5.29 4.28 4.01 3.24 4.45 3.54 4.54 
              
Table 4.1. Contd. 
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Table 4.2. Normative analyses of Granitoids and Basic rocks from the Bomdila Group. 
      
Granitoids 
  
Normative Di Ol Hy Q Or Ab An Norm Plagioclase 
BG-2 0 0 1.67 35.77 29.844 21.239 5.634 26.87 
 
BG-3 0 0 1.79 37.465 27.539 20.393 5.668 26.06 
 
BG-4 0 0 0.45 37.021 34.453 22.508 2.538 25.05 
 
BG-6 0 0 1.94 41.086 22.811 21.408 6.509 27.92 
 
BG-7 0 0 6.65 28.334 33.035 10.239 1.976 12.21 
 
BG-8 0 0 1.12 37.834 31.794 20.393 3.697 24.09 
 
BG-10 0 0 3.64 42.057 24.23 12.016 4.572 16.59 
 
BG-11 0 0 5.31 22.295 34.985 8.462 2.561 11.02 
 
BG-20 0 0 3.86 38.368 21.866 19.8 4.723 24.52 
 
BG-28 0 0 1.52 35.716 19.088 33.932 1.663 35.59 
 
BG-33 0 0 0.47 35.022 29.667 29.108 1.025 30.13 
 
BG-33A 0 0 0.92 36.737 31.026 25.47 0.741 26.21 
 
BG-34 0 0 0.97 35.372 32.09 26.316 0.775 27.09 
 
BG-35 0 0 1.05 36.847 31.262 24.793 0.806 25.6 
 
BG-36 0 0 0.77 38.784 30.671 24.285 0.871 25.16 
 
BG-60 0 0 0.03 76.117 5.555 12.439 0.995 13.43 
 
BG-66 0 0 1.2 36.852 32.149 20.393 1.167 21.56 
 
BG-67 0 0 2.19 36.899 31.262 19.631 0.968 20.6 
 
BG-68 0 0 0.97 34.631 8.924 51.193 0.968 52.16 
 
BG-68A 0 0 1.37 34.087 33.981 17.347 4.937 22.28 
 
BG-69 0 0 1.37 34.087 33.981 17.347 4.937 22.28 
 
BG-72 0 0 3.29 38.517 30.435 13.539 0.506 14.04 
 
BG-73 0 0 1.12 35.634 32.444 17.77 3.746 21.52 
 
BG-78 0 0 0.42 35.389 29.844 29.108 0.626 29.73 
 
BG-80 0 0 1.99 35.724 26.712 19.124 5.253 24.38 
 
BG-1D 0 0 2.27 38.49 24.584 17.008 6.229 23.24 
 
BG-2D 0 0 3.41 32.954 30.021 16.754 4.71 21.46 
 
BG-3D 0 0 4.19 34.027 32.444 14.216 0.589 14.81 
 
BG-4D 0 0 0.6 33.948 31.617 27.416 0.908 28.32 
 
BG-5D 0 0 0.97 37.065 8.333 49.247 0.819 50.07 
 
     
Basic rocks 
   
RG-31A 0 0 8.15 38.378 12.115 19.885 4.125 24.01 
 
BG-57 8.397 0 6.32 8.878 16.074 29.193 10.724 38.61 
 
BG-5A 13.19 0 11.9 3.045 12.469 28.516 11.52 40.04 
 
BG-58 14.14 1.119 11.6 0 10.874 22.339 14.803 37.14 
 
BG-58A 0 0 19.1 20.267 1.418 22.424 11.347 33.77 
 
BG-60 8.222 2.791 8.94 0 6.323 36.978 10.567 46.21 
 
BG-61 0 0 26.2 1.008 18.025 23.354 9.818 33.17 
 
BG-59 15.58 0 4.73 9.609 2.778 27.162 21.503 48.66 
 
BG-79 10.68 0 9.84 7.693 8.096 18.954 18.424 37.38 
 
DG-8(AR) 9.481 0 11.2 7.086 6.619 16.162 21.626 37.79 
 
DG-11 17.16 0 11.3 6.826 5.496 10.239 26.366 36.6 
 
RG-33C 2.935 0 12.8 10.377 7.21 20.562 22.761 43.32 
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Fig. 4.2. Harker variation diagrams of major elements illustrating element variations 
in Bomdila granites. 
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Fig. 4.3. Harker variation diagrams of trace elements illustrating element variations in 
Bomdila granites. 
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      The LG is discriminated from the rest of the granites by its low contents of Fe2O3
t
, 
MgO, and TiO2. However, it is difficult to differentiate between the other two types 
(i.e., CPG, FG) on the basis of their major element geochemistry. The linear 
correlations of some of the major elements indicate that these characteristics are 
related to their source and thus can be incorporated while discussing their petrogenetic 
history. The co-linear decrease of MgO, Fe2O3
t
, TiO2 and P2O5 from CPG to LG and 
smooth variation trends demonstrate that fractional crystallization may have been an 
important process in the evolution of this granite suite. CIPW-normative compositions 
were calculated from whole rock major rock analyses. Most of the granites comprise 
of corundum with a normative value of >1%. Some of the altered rocks or those that 
assimilated Al-rich host rock material have even higher normative corundum contents 
(up to 9%). The differentiation index (DI= the sum of the wt. % of normative quartz, 
albite and orthoclase) increases systematically from the least differentiated 
leucogranite. Silica vs. DI plot for Bomdila granites show a strong positive linear 
correlation and emphasizes the evolved nature of the suite. (Fig. 4 .4). 
4.6.2. Trace Elements Variation 
The trace element whole rock concentrations in Bomdila granites are 
presented in Table 4.1. Several trace elements show systematic variation with silica 
similar to that exhibited by the major elements (Fig. 4.3). Zr, Sc, and V show a 
considerable decreasing pattern with increase in SiO2. Rb behaves similar to K2O, 
although there is a strong increase in Rb (>500ppm) in some leucocratic granites. Ga 
shows near uniform variation in the Harker diagram. Large scatter for Sr, similar to 
CaO can be observed. However, a good positive correlation between CaO and Sr (Fig. 
4.5) is noticed emphasizing that their behaviour is related to the crystallization of 
plagioclase. Since plagioclase holds both these elements their decreasing 
concentrations from CPG to LG may indicate plagioclase fractionation from the 
magma. The element Ba exhibits a negative correlation with silica. A uniform 
decrease of Ba towards leucogranite again points to the fractionation of a respective 
phase (Biotite or K-feldspars). Pb reveals a poor positive correlation with SiO2. Nb 
does not show any significant trend in a variation diagram. 
It is observed that major and trace element variation supports the field based 
classification of the granites into three types. The earlier phase (CPG) is discriminated 
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from the other intrusions by its more basicity and high contents of Fe2O3
t
, MgO and 
TiO2 but low values of SiO2 and Na2O. Amongst the trace elements it is distinctive in 
having high values of Zr, Ba, Y, Sc and low value of Rb. The fine grained gneiss is 
characterized by relatively high SiO2 and low TiO2 and Zr. The LG samples have high 
SiO2 (>70%), K2O, Rb and low TiO2, MgO, CaO, Zr, Y and Ba. Near linear 
relationships, and the consistent relative degrees of fractionation between the 
granitoid plutons on Harker variation diagram, may be interpreted as implying the 
cogenetic origin for the Bomdila granites. 
 
Fig. 4.4. SiO2 vs. DI relationship for Bomdila granites. 
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Fig. 4.5. CaO vs. Sr variation plot showing a positive correlation for Bomdila 
granites. 
4.6.3. Rare Earth Elements  
The rare earth elements (Z=57-71) have very similar chemical properties and 
are generally considered to be resistant to fractionation in supracrustal environments. 
This coupled with their low solubilities and coherent behaviour, has resulted in REE 
distributions being used as a „fingerprint‟ to help in identifying the parental materials 
(Nesbitt, 1979). Thirty one representative samples of Bomdila granites have been 
analyzed for REEs. The corresponding chondrite-normalized abundance patterns are 
shown in (Fig. 4.6) In general, the REEs contents of the batholiths phases are strongly 
light rare earth elements (LREE) enriched with an average value of 215 ppm. The 
heavy REE concentrations are low even some elements (Yb) are below detection limit 
particularly in the LG (HREE=4.98-15.02 ppm). The Bomdila granites generally 
show variable Eu contents from CPG to leucogranite. The overall rare earth 
abundances of these granites are generally consistent with the typical granite values 
(i.e., La=20-100 x chondrite, Yb=0.5-8 x chondrite, Holtz, 1989). There is a strong 
enrichment of the light rare earth elements with respect to the heavy rare earth 
elements [(La/Yb)N=15–84]; a consistent fractionation patterns within LREE and 
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HREE groups [(La/Sm)N=2.5-5.8, (Gd/Yb)N=2-16] is observed. Well defined 
moderate to high negative Eu anomalies are exhibited in the patterns of three phases. 
The lack of a significant Eu anomaly in some of the samples can be explained in 
many ways. One of the explanations for this would be partly incomplete separation of 
cumulus minerals (plagioclase) from residual liquids (Hanson, 1978).  
 
Fig. 4.6. Chondrite-normalized REE patterns of Bomdila coarse grained Porphyritic 
Gneisses, Lesser Himalaya (Chondrite values after Sun and McDonough, 1995). 
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Fig. 4.7.Chondrite-normalized REE patterns of Bomdila leucogranite, Lesser 
Himalaya (Chondrite values after Sun and McDonough, 1995). 
         The REE patterns are closely similar for the three types of granites in the 
batholiths. The most iron rich granites (CPG), with the lowest SiO2 content show the 
highest abundance of La and Ce with a moderate negative Eu anomaly, whereas the 
leucogranites reveal the overall patterns similar to those of the other phases but has 
low total REE contents (105ppm) and a steep slope (Fig. 4.7). 
4.7. Classification and Nature of Granites 
4.7.1. Classification of Granites 
The proper classification of the rocks is a necessary pre-requisite for any study 
aimed at unraveling geodynamic or petrogenetic problems. The granitic rocks under 
consideration are classified using petrological and geochemical criteria. The Bomdila 
granites, which represent monzogranite composition in QAP diagram also plot in and 
around the field of crustal granite (Lameyre and Bowden, 1982) indicating their 
probable crustal signatures. 
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Chappell and White (1974) were the pioneers to classify the granites into two 
major groups, S and I-types on the basis of source criterion. On the basis of their 
chemical and petrographic features and field occurrences of the major batholiths of 
the Lachlan Fold Belt of South Eastern Australia, it was inferred that S-type granites 
were derived from sedimentary or supracrustal protoliths (White and Chappell, 1988) 
whereas, the I-type granites were derived from an igneous composition or infracrustal 
source. White (1979) defined a third granites type (M-type) which was presumably 
directly derived from the melting of the overlying mantle. A fourth granitoid type (A-
type) has been proposed by Loiselle and Wones, (1979), the A denoting either 
anorogenic or anhydrous. Further, the petrological and geochemical characteristics of 
A-type granites have been reviewed by many workers (Collins et al., 1982; Brown et 
al., 1984; Clemens et al., 1986; Eby, 1990). Whalen et al. (1987) found that the Ga/Al 
ratio was an effective discriminator of A-type granites and other granitoid types. If Ga 
data is not available, Whalen et al. (1987) suggest that plots of Zr+Nb+Ce+Y vs. 
major element ratios such as, FeO
t
/MgO and (K2O+Na2O)/CaO are almost equally 
effective in identifying A-type granites. Castro et al., (1991) has proposed a hybrid 
type (H-type) of granite which has features similar to both S-type and I-type of 
Chappell and White (1974), but exhibit mixing characters. Didier et al., (1982) have 
proposed an orogenic granites that can be divided into mantle (M-Type) and crustal 
(C-type) or mixed i.e. crustal+mantle types from the nature of their enclaves. The 
latter can be subdivided into CS-types (anatexis of sedimentary rocks) and CI-type 
granites (anatexis of igneous rocks). They suggest that C-type granites generally 
contain the xenoliths which are always of crustal origin and basic enclaves are the 
characteristics of M-type. 
The extensive work on the granitoid rocks by many Petrologists indicates that 
the application of these alphabet (S-I-A-M) classifications is sometimes not possible 
or becomes difficult. McCarthy and Grooves (1979) opined that a single suite, which 
reveals both the characteristics of S-type and I-type, appears to be doubtful. Brown et 
al., (1984) have reported that in a particular location early phases of batholiths may be 
I-type, whereas S-type characteristics can be envisaged for the later phases. They have 
agreed with the view of Plant et al., (1983) that the so called I-type and S-type 
terminology (Chappell and White, 1974) which was aimed at a simple genetic 
classification of the granites have sometimes been proved difficult to apply. Ortega 
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and Ibarguchi (1990) have described that an orthogneiss-rich protolith (i.e., I-type 
source) with a relatively small proportion of pelitic material accounts for the 
formation of typical S-type granites. They suggest that I-type and S-type terms 
become sometimes problematic and they only should be used as terms of broad 
petrographic classification with limited petrogenetic implications. 
Following the classification of Chappell and White (1974), the Bomdila 
granites can be grouped as S-type. In Streckeisen‟s (1976) QAP modal plot, they 
typically plot in S-type granite field. It is evident from the Whalen et al., (1987) 
discrimination diagram (Fig. 4.8) that the Bomdila granites do not pertain to A-type. 
Further, the high concentrations of P2O5 (0.25%) in these granites clearly denote the 
S-type characteristics according to the classification of Bea et al. (1992). The 
occurrence of metasedimentary enclaves characterizes the Bomdila granites as CS-
type according to the classification of Didier et al., (1982). 
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Fig. 4.8. 10000*Ga/Al vs. Nb, Y, Ce and K2O/MgO; Zr+Nb+Ce+Y vs. 10000*Ga/Al 
and FeOt/MgO discriminant diagrams of Whalen et al., (1987) for Bomdila granites. 
 
4.7.2. Nature of Granites 
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Most extensively used parameters to denote the nature of granitic magma has 
been molecular proportions of the ratio Al2O3/(CaO+Na2O+K2O), abbreviated as 
A/CNK which divided the granitoid rocks into peraluminous when A/CNK >1.1 and 
metaluminous when A/CNK <1.1 depending upon the alumina saturation. Having 
A/CNK values greater than 1 (Fig.4.9), the Bomdila granites are peraluminous in 
nature and therefore correspond to the S-type of Chappell and White (1974). 
 
Fig. 4.9.  SiO2 vs. A/CNK plot for Bomdila granites. Peraluminous and S-type nature 
of granites can be seen.  
             The aluminous association of the Bomdila granites is clearly depicted in 
“characteristics minerals” diagram (AB) of Debon and LeFort (1983). They suggested 
that the cafemic and aluminous associations are approximately equivalent to the I-
type and S-type, respectively of Chappell and White (1974). The peraluminous of 
these granites is also reflected in the normative corundum values (Table 4.1). 
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Fig. 4.10. AFM diagram for Bomdila granites after Kuno (1968). 
The Bomdila granites, when plotted on an AFM diagram (Fig. 4.10), reveal 
calc-alkaline nature. However, the clustering of the points near alkali apex does not 
clearly indicate the magma type. To avoid this discrepancy, the samples were plotted 
on other discriminating diagrams.  
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Fig. 4.11. Alkali-silica diagram for Bomdila granites. 
Sub-alkaline nature of the Bomdila granites can be seen in alkali-silica 
diagram (Fig.4.11); this nature has also been exhibited in “Q-P” (nomenclature) 
diagram. It can be inferred that the Bomdila granites are sub-alkaline to calc-alkaline 
in nature. Their chemical characters classify them as S-type granites. 
4.8. Geochemistry of Mafic Rocks 
4.8.1. Major Elements Variations 
The major element concentrations of the mafic rocks from the Bomdila Group 
are presented in (Table 4.2). In general, all the major oxide contents of the mafic 
rocks represent a typical basaltic composition. Although, large variation in the sample 
is not seen but some of the major oxides exhibit a significant variations which may be 
useful in the petrogenetic interpretations. 
The mafic rocks have a restricted range of SiO2 concentration (49-53 wt. %). 
The high silica content of the volcanic rocks may be attributed to crustal 
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contamination or differentiation from the parent magma. The role of these processes 
(contamination and differentiation) in any magmatic suite can well be constrained by 
using immobile trace element chemistry. Some of the elemental variations 
(particularly for alkalis, Rb, Ba and Sr) in the Bomdila mafic rocks indicate post 
crystallization alteration effects. For this reason the elements which are known to be 
less mobile in secondary alteration is used in the magma classification. Also, instead 
of Mg number, Zr abundance is used as a measure of magma differentiation. Zr is 
considered to be one of the most immobile elements during low-grade alteration of 
basaltic rocks and is essentially incompatible in basaltic systems (Tarney et al., 1979). 
A good negative correlation between Zr and MgO is exhibited in variation diagrams 
(Fig. 4.16). Total iron shows a smooth positive correlation with increase in Zr content. 
The concentration of CaO ranges from 7.18-11.36 wt. %. The samples, which have 
low contents of CaO, contain lesser amount of Sr (12 ppm) indicating plagioclase 
fractionation from the magma. Al2O3 shows minor variation (from 11.2-13.01). TiO2 
and P2O5 occur in minor quantities in the mafic rocks with a normal range of 2.5-4.0 
wt. % and 0.16-0.8 wt. %, respectively. A constant increase in the concentration of 
P2O5 with a positive trend against Zr is evident (Fig. 4.12). The similar trend for TiO2 
wt. % can also be observed. MnO concentration is low with a restricted range of 0.15-
0.25 wt. %. Total alkalis (Na2O+K2O) have a wide range of distribution, which varies 
from 3-7 wt. %. The CIPW normative compositions of the mafic rocks were 
calculated and the data are given in (Table 4.2). Most of the mafic samples represent 
low q-normative compositions (Fig.4.13). However, a few samples have ol-normative 
compositions. There appears to be a compositional gap between q-normative and ol-
normative samples. It has been observed that this gap remains even when the samples 
are plotted after applying Condie‟s (1985) criteria for screening out altered samples 
which indicate that the gap is not a consequence of secondary alteration. 
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Fig. 4.12. Harker variation diagrams for Bomdila metabasics showing major elements 
against Zr. 
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Fig. 4.13. Normative Q-Hy-Ol-Ne (CIPW wt. %) diagram for Bomdila basic rocks. 
 
4.8.2. Trace Elements Variations 
Other Elements 
Because of their immobile and incompatible behaviour during post-
crystallization alteration, the trace element abundances are generally useful in magma 
identification and to identify the source characteristics of any magma suite. It has 
been suggested (Pearce and Cann, 1973; Pearce, 1975) that basalts from different 
tectonic settings may often be distinguished by the relative abundances of „immobile‟ 
elements such as Ti, P, Zr, Nb, Y, Cr and rare earth elements (REEs). Saunder et al. 
(1980) have observed that the basalts from active and remnant arcs are characterized 
by higher abundance of the large ion lithophile (LIL) elements (Cs, Rb, K, Ba, Sr, Th, 
U, La and Ce) relative to the high field strength (HFS) elements (Ti, P, Zr, Nb and Ta) 
than oceanic ridge basalt. They further observed that the high LIL/HFS element ratio 
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(eg. K/Zr, Th/Nb, La/Ta, La/Nb, Ba/Nb) is the fundamental characteristics of 
orogenic magma suites. 
The mafic intrusives in Bomdila granites have higher concentration of 
ferromagnesian elements (Cr = up to 88 ppm, V=430 ppm and Co=76 ppm). A good 
correlation between the HFS elements and Zr is clearly demonstrated in variation 
diagrams (Fig. 4.18). Both Nb and Y are positively correlated with Zr, which is itself 
considered as a high field strength element. Y concentration in mafic intrusives ranges 
up to 72 ppm. The LIL elements, Ba, Sr and Rb exhibit scattering on inter-element 
variation diagrams (Fig.4.14), but a positive correlation can be seen for Rb. The 
Bomdila mafics are characterized by their high content of Sr (up to 500 ppm). 
Because of the mobile nature of LIL elements, they are not generally used in 
petrogenetic interpretations. An increase in the total REE content with increase in the 
Zr content is displayed for the Bomdila mafic rocks. 
Rare Earth Elements 
About twelve samples were analyzed for rare earth elements and the data are listed in 
the table. The chondrite normalized REE patterns for the analyzed samples are shown 
in (Fig.4.15) All the samples show REE enrichment from about 103-141 x chondrite 
for light rare earth elements (LREE) and about 9-14 x chondrite for heavy rare earth 
elements (HREE) in intrusive samples.  
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Fig. 4.14. Harker variation diagram for Bomdila metabasics showing trace element 
against Zr. 
Moderate to low negative Eu anomalies (Eu/Eu*=0.72-0.96) are observed in 
the samples. Corresponding to their higher Fe2O3
t
 and TiO2 contents, the intrusive 
samples are relatively more enriched in LREE ratios (La/Sm)N=3.6). The HREE 
contents are almost uniform for all the samples with average of (Gd/Yb)N =1.4. It is 
significant to note that LREE are fractionated and HREE are unfractionated with 
(La/Sm)N ratios 2.09-3.60 and (Gd/Yb)N ratios 1.15-1.60 in the mafic rocks of 
Bomdila area. 
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Fig. 4.15.  Chondrite-normalized REE patterns of Bomdila basic rocks, Lesser 
Himalaya (Chondrite values after Sun and McDonough, 1995). 
4.9. Magma Type 
Geochemical criteria have been employed to classify the magmatic type of 
mafic rocks. AFM (total alkalis, Fe2O3
t
 and MgO) diagram is one of the widely used 
plots for classification of mafic rocks. However, the problem with this is that it does 
not always provide reliable results because of the mobility of the alkali elements 
during post crystallization alteration (e.g., regional metamorphism and 
metasomatism). As such, YTC (Y+Zr, TiO2x100 wt. % and Cr) ternary diagram of 
Davies et al. (1979) involving immobile trace elements has been used. This YTC 
diagram is considered to be analogous to an AFM plot because like Na2O and K2O, Y 
and Zr are progressively enriched in more felsic members of a volcanic series, TiO2 
behaves in a manner similar to Fe2O3, and Cr and MgO exhibit similar behaviour 
during differentiation. The YTC plot of the basic samples reveals that most of the 
rocks fall along but above the tholeiitic trend (Fig. 4.16). On cation% Al-(Fe+Ti)-Mg 
Jensen (1976) plot, the basic samples plot in Fe-tholeiitic field (Fig.4.17), the similar 
tholeiitic feature is revealed on the normative (Al2O3 vs. norm. plag.) plot (Fig.4.18).  
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Fig. 4.16.  Y (Zr+Y) -T (TiO2 x 100) -C (Cr) ternary plot after Davies et al. (1979) 
showing the tholeiitic affinity of the basic rocks.  
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Fig. 4.17. Ternary cation% Al-(Fe+Ti)-Mg plot after Jensen (1976) for Bomdila basic 
rocks. 
 
Fig. 4.18.  Al2O3 vs. normative plagioclase diagram for Bomdila basic rocks after 
Bowen et al. (1986). 
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Fig. 4.19.  FeO
t
/MgO vs. FeOt discrimination plot after Miyashiro (1974) depicting 
the tholeiitic nature of Bomdila basic rocks. 
 
Fig. 4.20. FeOt/(FeOt+MgO) vs. Al2O3 diagram after Arndt et al. (1977) for Bomdila 
basics indicating their tholeiitic character involving fractionation of olivine and 
orthopyroxene. 
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      The tholeiitic nature of these rocks is also indicated by Fe2O3
t
/MgO vs. Fe2O3
t
 plot 
(Fig.4.19) (Miyashiro, 1974) and by Fe2O3
t
/(Fe2O3
t
+MgO) vs. Al2O3 (Fig. 4.20), 
Arndt et al. (1977). Furthermore, a clear tholeiitic nature of the Bomdila rocks can 
also be discerned from a plot of cation percent. Most of the chemical affinities 
correspond to those of the flood basalts. Further an incompatible elements plot for the 
Bomdila basics using a double normalization procedure to lessen any fractionation 
effects on elemental abundances (Dupuy and Dostal., 1984) compared with the 
similarly normalized plots for the tholeiites from modern tectonic setting show that 
Bomdila mafic rocks compare closely with the Phanerozoic continental tholeiites 
despite the differences in the elemental abundances. Parallelism of Sr-P portion with 
continental tholeiites (therefore similar ratios) is particularly important as it would 
suggest that the lower abundances of Sr and P, and possibly by implication also of 
CaO in Bomdila basics are more likely their genetic features. 
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Chapter -V  
TECTONIC SETTING 
A brief account of the tectonic setting which was responsible for the generation and 
emplacement of the granite rocks are discussed here, in detail. An attempt has also 
been made to elucidate the tectonic environment of the basic rocks of the area. This 
study is also helpful in understanding the Paleo-plate configuration during Proterozoic 
period. 
5.1. Granite Rocks 
The generation of granitic liquid is directly and indirectly related to tectonic activity, 
whether associated with extensional or compressional movement. Strong correlation 
between the types of granites and tectonic settings have been pointed out by 
Streckeisen, (1970); Pearce et al. (1984); Pitcher, (1983, 1987); Lameyre, (1988); 
Pupin, (1988); Maniar and Piccoli, (1989); Barbarin, (1990); Bonin, (1990); and Eby, 
(1990). Fyfe (1988) believes that collision mechanisms or collision thickening 
provide a suitable mechanism in crustal melting for large granite masses with 
continental crust chemistry and isotope systematics. Thus, it seems there exit a direct 
link between the tectonic setting and granite generation. 
 Pearce et al. (1984) have classified the various granite types into four main 
groups according to their intrusive settings as ocean ridge granites (ORG), volcanic 
arc granites (VAG), within-plate granites (WPG) and collision granites (COLG). 
These granites within each group may be further subdivided according to their precise 
settings and petrological characteristics. The ocean ridge granite group generally 
encompasses only granitic rocks that either belong to the oceanic crust itself or form 
part of layered ophiolite sequences. The ORG rocks can be subdivided into 
subduction related and subduction unrelated on tectonic criterion and into normal, 
anomalous and as supra-subduction zone (SSZ) on the basis of the chemistry of their 
associated basalts. Volcanic arc granites appear to have tholeiitic through calc-
alkaline to shoshonite affinities and pertain to subduction related origin. These do 
include rocks of the tholeiitic series but calc-alkaline rocks are more common. The 
VAG rocks can be subdivided into intra-oceanic and intra-continental on tectonic 
criterion. Within plate granites can be tectonically subdivided into intra-oceanic, intra-
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continental and attenuated continental lithosphere according to the nature of the crust 
into which they were intruded. The collision granites are subdivided tectonically 
according to the type of collision involved (continent-continent, continent-arc, arc-
arc) and to the temporal relationship with the major deformation event (syn-collision, 
post-collision). 
 The key features of different group of granites were illustrated in the form of 
ORG normalized geochemical patterns. The normalizing factor (ORG) is a 
hypothetical granite, calculated as the product of fractional crystallization of average 
N-type MORB by application of the Rayleigh fractionation law. The elements used in 
these geochemical patterns are those that behave incompatibly during fractionation of 
MORB to acid composition. Pearce et al. (1984) have also used trace element vs. SiO2 
variation diagrams to discriminate the granites; they found that some of the trace 
elements form perfect discriminants among the granite groups. For example, Rb 
forms an almost perfect discriminant between ocean ridge and within-plate granites 
and between volcanic arcs and syn-collision granites. Nb and Ta are generally more 
enriched in within-plate granites than in other granite types. Some of the 
discrimination plots were used in the present study to elucidate the tectonic setting of 
the Bomdila granites. 
 On SiO2 vs. Y, Yb and Nb variation diagrams (Fig. 5.1), the Bomdila granites 
plot in WPG + ORG fields, whereas they depict clear syn-collision granite signatures 
on SiO2-Rb bivariate plot (Fig. 5.1). Further, the tectonic discrimination of granites 
can be obtained by using some most effective elements which vary significantly in 
different granite groups like Rb, Y (or Yb) and Nb (or Ta). Projected on Y-Nb and 
(Y+Nb)-Rb diagrams (Fig.5.2; Pearce et al., 1984) most of the Bomdila granites fall 
in the VAG+syn-COLG field of Y-Nb and in the syn-COLG field of (Y+Nb)-Rb 
diagrams. A Zr-Y-Sr discriminant diagram representing HFS (Zr), LIL (Sr) and REE 
(Y) elements, respectively has been proposed by Kutsukate (1993). Most of the 
Bomdila samples plots in collision related granites in this diagram;however, some 
samples are concentrated beyond the COLG and WPG fields. 
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Fig. 5.1 SiO2 variation diagrams for Rb, Y, Nb and Yb. Discrimination boundaries 
after Pearce et al., (1984). Fields. syn-collision granites (syn-COLG), within plate 
granites (WPG), ocean ridge granites (ORG), volcanic arc granites (VAG). 
 
 Harris et al. (1986) have presented a comprehensive picture of geochemical 
characteristics of collision zone magmatism and proposed four groups of granite 
intrusion, each associated with a particular stage in the tectonic evolution of a 
collision zone. They are. (i)Pre-collision calc alkaline (volcanic-arc) intrusion that are 
mostly derived from mental modified by a subduction component and are enriched in 
LIL element. (ii) Syn-collision peraluminous intrusions which may be derived from 
the hydrated bases of continental thrust sheets and are generally characterized by High 
Rb/Zr and Ta /Nb and low K/Rb ratios.(iii) Late or Post-collision calc-alkaline 
intrusions which may be derived from mantle source but undergo extensive crustal 
contamination and contain higher  ratios of Ta/Hf  and Ta/Zr than volcanic-arc 
intrusions (iv) Post-collision alkaline intrusions which may be derived from mantle 
lithosphere beneath the collision zone which has high concentration of both LIL and 
HFS element. 
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 The Group-II (peraluminous syn-COLG) granite characteristic of Bomdila 
granites is evident on Rb/Zr-SiO2 plot (Fig. 5.3). In all the trace element 
discrimination diagrams, though a syn-COLG character is clearly depicted by 
Bomdila granites; however, overlap into different fields can also be observed. Harris 
et al. (1986) explain that since plate-collision is a dynamic event which evolves from 
an initial stage of oceanic lithosphere subduction through a period of continental 
orogeny and crustal thickening to a period of stabilize continental lithosphere, a range 
of source regions for collision magmas is implied and overlap with other tectonic 
setting is predictable. An ocean ridge granite normalized geochemical pattern is 
drawn from compassion with syn-COLG of Pearce et al., (1984) and with group-
IIgranites of Harris et al., (1986). It is seen that the significant high amount of Rb and 
very low concentration of Ce, Zr and Sm concentration of Bomdila granites are 
consistent with Group-II syn-COLG rocks, thereby indicating the syn-collision 
tectonic setting of these granite rocks. 
 
Fig. 5.2 Geochemical tectonic discriminant plots (after Pearce et al., 1984). (A) Nb vs. 
Y  
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Fig. 5.2 Geochemical tectonic discriminant plots (after Pearce et al., 1984). (B) Rb vs. 
Nb+Y. 
 
 
Fig. 5.3 Rb/Zr against SiO2 for Bomdila granites. Group II = peraluminous syn-
collision granites (Harris et al., 1986).  
 
Group-II Granites 
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The overall geochemical characteristics of Bomdila granites are compatible 
with syn-collision peraluminous granites of Himalaya and Hercynides (Harris et al., 
1986). If the current model is true then a continental collision regime at ~2 Ga 
between two Archean crustal domains in Indian continent seems to have prevailed. 
But it is very difficult to envisage the two domains which are involved in the 
collisional event. It is mainly because the Archean tectonics in India is poorly 
represented, evidence of suture zone or ophiolites is not available. This may be 
because a large portion of the Indian continent is unfortunately concealed by Late 
Proterozoic sedimentary basins and more likely because of the Tertiary Himalayan 
tectonics (overthrusting etc.). Although the discriminant diagrams after Pearce et al., 
(1984) are mainly based on Phanerozoic rock analyses and therefore their 
applicability to Proterozoic rocks (in present case) is doubtful, these diagrams have 
been widely used for Archean rocks also (Cuney et al., 1990). Moreover, some of the 
indirect evidence like high Rb and Rb/Zr, and low concentrations of HREE, Y and Zr 
which are considered to be the characteristics features of syn-collision peraluminous 
granites argue in favour of the inferred tectonic setting for Bomdila granites. 
Pearce et al., (1984) emphasized that the fields on the discriminants diagrams 
strictly reflect source regions and melting (and crystallization histories) rather than 
tectonic regimes. It may be postulated the Bomdila granites were emplaced during 
period of crustal thickening. It is generally envisaged that during crustal thickening 
because of crustal overthrusting the volatiles, driven off the wet sedimentary wedges, 
may penetrate the hot overlying thrust sheet causing anatexis. This process is widely 
accepted for the generation of granites magmas at crustal levels (Harris et al., 1986; 
Fyfe, 1988). 
5.2. Metabasic Rocks 
An attempt is made to elucidate the tectonic setting of emplacement of basic 
rocks.Duringthe last two decades, many tectonomagmatic geochemical discriminant 
diagrams, based on major and trace element abundance and ratios were formulated 
which are being used widely in Paleo-tectonic reconstructions. While using the 
discriminant diagrams for metamorphic basic rocks, one has to be very carefully 
about the elements being adapted. The elements of high ionic potential such as Ti, Zr, 
Y and Cr are considered to be effectively immobile (Cann, 1970) and therefore are 
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most suitable for use as tectonic discriminants. Most of the discriminant diagrams are 
based on the data bank from modern volcanic rocks. While using these discriminant 
diagrams it is therefore necessary to keep it in mind that the field boundaries depicted 
by modern volcanic rocks serve merely as a reference framework with which the 
ancient data can be compared (Pharaoh and Pearce, 1984). A review work carried out 
by Wang and Glover III (1992) on chemical discriminant diagrams and patterns 
indicate that interpretation of geochemical data sometimes not only becomes difficult 
in identification of proper tectonic setting of particular volcanic rocks but it may lead 
to misidentification also. They further observed that particularly the continental rift 
basalt invariably plot outside the within-plate field. Before drawing any conclusion on 
the tectonic setting of the basalts, it is essential to incorporate field and petrographic 
observations in addition with major and trace element chemistry (Wang and Glover 
III, 1992). 
Ti-Zr Covariation Diagrams 
It is one of the most commonly used discriminant diagram. This diagram has 
an advantage to distinguish between a volcanic arc and within-plate basalt, although 
many basalts plot in one of the areas of overlap. The basic intrusive samples plot in 
within-plate basalt field (Fig. 5.4); some samples, however, fall in the overlap field. 
Ti/100-Zr-3Y Ternary Diagram 
It is the most important discriminant diagrams used for tectonic classification 
of basaltic rocks. This diagram was designed by Pearce and Cann (1973) to separate 
WPB from basalts of other tectonic settings. Significantly this diagram has the 
capability of distinguishing between LIL-enriched patterns that are caused by 
subduction and those that represent contaminated continental basalts. All the Bomdila 
basic samples lie in within-plate basalt field. For further corroboration of the WPB 
tectonic setting of the basic rocks under study, N-MORB normalized geochemical 
patterns were drawn. These multi-element spidergrams provide useful means for 
comparing basalts of different tectonic settings. Since spidergrams include LIL 
elements, HFS elements and REE, the relative enrichment and depletion of the 
elements will provide valuable information about the petrogenetic process or source 
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characteristics of any suiteillustrates a good comparison between the chemical 
patterns of Bomdila basics and within-plate tholeiitic basalts. 
 
 
 
Fig. 5.4. Ti-Zr plot (after Pearce, 1982) for Bomdila basics depicting their within - 
plate basalts (WPG) characteristics. 
 
 
 
 
 
 
 
 
 
 
106 
 
 The most incompatible elements, Ba and Nb are most enriched whereas Y and 
Yb (compatible with garnet) and Sc and Cr (compatible with all mafic phases) so little 
change relative to mid-ocean ridge basalts. Pearce, (1982) argues that most of the 
elements, except Sr (compatible with plagioclase) and Sc and Cr (compatible with 
mafic phases), have low bulk distribution coefficient between basalt magma and a 
crystallizing assemblage containing olivine, plagioclase, and clinopyroxene. 
Therefore, as the crystallization proceeds the magma will be enriched in incompatible 
elements. This observation implies that the multi-element spidergram of Bomdila 
basic rocks with an enriched incompatible element pattern indicate the involvement of 
fractional crystallization process in the generation of these basic rocks. However, as 
noted above fractional crystallization does not significantly change ratios of elements 
with similar degrees of incompatibility (e.g. La/Nb, Zr/Y). 
Fe2O3
t
-MgO Covariation Diagram 
To investigate the iron enrichment in different mafic suites, a slight modified 
diagram has been proposed by Pharaoh and Pearce (1984) in which the total iron is 
plotted as Fe2O3
t
 against MgO. The three trends, A, B, C shown in the diagram 
correspond to the oceanic and continental tholeiitic suites (A) island arc tholeiitic 
suites (B) and island arc calc-alkaline suites (C), respectively. The Bomdila volcanics 
of Bomdila area follow the trend ‘A’ in Fe2O3
t
-MgO covariate diagram (Fig.5.5). It is 
generally observed that the mafic suites which plot in WPB or MORB on other trace 
element discriminant diagrams follow trend A (Pharaoh and Pearce, 1984). 
 From the above discussion and the geochemical signatures of Bomdila basic 
rocks indicate that they were probably erupted in a rifted continental setting 
environment.  
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Fig. 5.5. Fe2O3
t
 vs. MgO Covariation diagram for Bomdila basics. Trends for Oceanic 
and Continental tholeiitic suites (A), Island arc tholeiitic suites (B) and Island arc-
calc-alkaline suites (C) after Pharaoh and Pearce (1984).  
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Chapter - VI 
Isotope Geology and Age of Bomdila Granites 
6.1. Introduction 
Isotope geochemistry has over the last three decades come to play an 
important role in petrology and petrogenesis. Basically it provides information on 
absolute chronology of rock and mineral formation or recrystallization and nature of 
their parental sources. Isotope geochemistry deals with naturally occurring variations 
in the isotopic composition of some chemical elements, as measured with increasing 
precision and sensitivity by modern mass spectrometers. Isotopic variations are 
caused by either physico-chemical or nuclear processes. Radiogenic isotopes are used 
in geochemistry in two principal ways. They are used to determine the age of rocks 
and minerals as well as to identify geological processes and sources in petrogenetic 
studies.  
The processes cause more dramatic isotopic variations in chemical elements, the 
most prominent being the radioactive decay of naturally occurring long-lived 
radioactive nuclides directly or ultimately to stable radiogenic isotopes of other 
elements.  Examples are 
238
U into 
206
Pb, 
235
U into 
207
Pb, 
147
Sm into 
143
Nd, 
87
Rb into 
87
Sr, and 
40
K into 
40
Ar (as well as 
40
Ca). The use of radiogenic isotopes as tracers of 
petrogenetic processes has allowed geochemists to sample the deep interior of the 
earth, previously solely the domain of geophysicists. The results of such studies have 
lead to important geochemical constraints on the nature of the continental crust and 
earth’s mantle which may be combined with our physical knowledge of the these 
domains to help provide a unified chemical–physical model of the deep earth. 
Radiogenic Isotopes in Geochronology 
The foundations of modern geochronology were laid at the turn of the century 
in the work of Rutherford and Soddy (1903) on natural radioactivity. They showed 
that the process of radioactive is exponential and independent of chemical or physical 
conditions. Thus rates of radioactive decay may be used for measuring geological 
time.  
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Interpreting Geochronological Data 
Any detailed geochronological study of slowly cooled rocks will tend to yield 
discordant results when several different methods of age determination are used. In 
this section therefore we look closely at the different isotopic systems in an attempt to 
discover what the different forms of geochronological data mean and what it is that 
we are actually measuring when we claim to have calculated the geological age of a 
rock. In this respect one of the most fruitful areas of research has been the application 
of the concept of blocking temperatures of geochronological systems. 
Concepts of Geological Age 
As the discussion above has shown, the term ‘age’, whether applied to a model 
age or a whole-rock or mineral isochron age, may have a number of different 
meanings geochronology and must be defined carefully by using an additional 
qualifying term. 
(a) Cooling age.  In a metamorphic rock the ‘cooling age’ is conventionally used to 
describe the time, after the main peak of metamorphism, at which a mineral which 
had crystallized at the metamorphic peak passes through its blocking temperature. 
In an igneous rock, cooling age is the time after the solidification of the melt at 
which a mineral passes through its blocking temperature. 
(b) Crystallization age. The crystallization age of mineral or rock records the time at 
which it crystallized. In the case of a metamorphic mineral, for example, if the 
temperature of crystallization is lower than the blocking temperature, the instant 
the mineral forms the isotopic clock is switched on and the age of crystallization is 
recorded. In an igneous rock, the crystallization age of mineral records the 
magmatic age of the rock. 
(c) Metamorphic age. The term ‘metamorphic age’ is often confused with cooling age 
but it means the time of peak of metamorphism. The determination of the 
metamorphic age depends greatly upon the grade of metamorphism. In low grades 
of metamorphism the metamorphic maximum may be determined from the 
blocking temperature of a specific mineral. In the case of high grades of 
metamorphism, the timing of the peak of metamorphism is normally inferred from 
the reserting of the whole-rock system such as Rb-Sr or Pb-Pb. 
110 
 
(d) Crust formation age. This is the time of formation of a new segment of continental 
crust by fractionation of material from the mantle (O’ Nions et al., 1983). Whether 
or not it is possible to determine directly the crust the formation age will depend 
upon the geological history of the segment of the crust. In many areas of ancient 
continental crust the formation of the crust was followed by deformation, 
metamorphism and melting and it may be possible to determine only a 
cratonization age rather than the age of formation.  
(e) Crust residence age. Sediment eroded from a segment of continental crust will 
possess a crust residence age which may reflect the crust formation age. A 
neodymium crustal residence (Tcr) age is calculated from equation 5 by 
substituting the appropriate values for depleted mantle in place of the CHUR 
values. Some authors used the term provenance age as a synonym, although this 
does not signify a specific historical event such as a stratigraphic age but it is the 
average crustal residence time of all the components of the rock. Normally, the 
crustal residence age of sediment is greater than the stratigraphic age. 
The Interpretation of Whole Rock Age 
Whole rock systems are more likely than mineral ages to determine the timing of 
crystallization of an igneous rock or the timing of the metamorphic peak during 
metamorphism. Sometimes it may be possible to determine the time of crustal 
formation. 
(a) The Rb-Sr system. The rubidium–strontium isotopic system is still one of the most 
widely used isotopic whole-rock methods for most crustal rocks contain sufficient 
Rb and Sr ( anywhere between 10 and 1000 ppm ) to make the chemical 
separation of the elements and the mass spectrometry relatively straight forward . 
It is versatile method and can be applied to a range of whole-rock compositions as 
well as individual minerals. On the other hand, the results of Rb-Sr geochronology 
are not always easy to interpret, for both Rb and Sr are relatively mobile elements 
so that the isotopic system may readily be disturbed either by the influx of fluids 
or by a later thermal event. Thus Rb-Sr isochrons are rarely useful in constraining 
crust formation ages. Nevertheless, if an Rb-Sr isochron is obtained it can usually 
be attributed to a definite event such as the age of metamorphism or alteration, or 
111 
 
the age of diagenesis in sedimentary rocks, even if the primary age of the rock 
cannot be determined.  
(b) The Sm-Nd system. The elements Sm and Nd are much less mobile than Rb, Sr, 
Th, U and Pb and may be used to ‘see through’ younger events in rocks whose 
Rb-Sr and Pb isotopic chemistry has been disturbed. Thus the Sm-Nd technique 
seems to be the most likely whole-rock method form which crust formation ages 
may be determined. The chief limitations on the method are the long half life, 
such that it is only really applicable to old rocks, and the relatively small 
variations in Sm/Nd ratio found in most cogenetic rock suits. This latter problem 
has led some workers to combine a wide range of lithologies on the same isochron 
in order to obtain a spread of Sm/Nd ratios. However this resulted in samples 
extracted from different sources and with very different histories being plotted on 
the same isochron and has given rise to some spurious results.  
6.2. Isotopic analysis of the Bomdila Granitoid rocks 
The Nd and Sr isotopic analysis of the granites from the Bomdila Group of rocks was 
carried out at the Geosciences Division, Physical Research Laboratory, Ahmadabad, 
India. The samples spiked with 
84
Sr and 
150
Nd, was digested with HF, HCl and HNO3. 
The samples were brought to complete solution and pure fractions of Sr and Nd were 
separated from the solution using conventional column chromatography (Singh et al., 
2008). For the mass spectrometric analysis, pure Sr is loaded on a vacuum-baked Ta 
filament, whereas Nd is loaded on the outer side Ta filament of the triple filament 
assembly. The isotopic ratios of Sr and Nd are measured using Isoprobe-T TIMS in 
static multi-collection mode. The measured 
87
Sr/
86
Sr and 
143
Nd/
144
Nd were corrected 
for instrumental mass fractionation by normalizing measured 
86
Sr/
88
Sr and
146
Nd/
144
Nd 
with respect to their natural values, viz. 0.1196 and 0.7216 respectively. The Sr and 
Nd elemental composition for these samples were obtained through the isotope 
dilution method. Along with samples, Sr and Nd standards were measured repeatedly 
during the study period. The 
87
Sr/
86
Sr of the standard NBS 987 is found to be 
0.710227±0.000014 (1σ, n=110) consistent with its reported value. The143Nd/144Nd of 
JNdi standard is measured to be 0.512107±0.000008 (1σ, n=35), overlaps well with 
its reported values. To check the overall reproducibility of the Sr-Nd isotopic and 
elemental measurements, several samples were measured in duplicates. The total 
procedural blanks of Sr(6, 4, 10 ng; mean. 6.7 ng) and Nd (1.6, 3.3 ng; mean. 2.5 ng) 
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measured are order of magnitude lower than the total amount of Sr and Nd processed 
from the samples.  The results are presented in Table 6.1. 
 
 
 
 
 
 
Table. 6.1. Isotopic data of granites from the Bomdila Group, NE Lesser 
Himalaya. 
Sample 
ID 
Sr 
ppm 
87/86
Sr Nd ppm εNd 
143/144
Nd Rb ppm Sm ppm 
 
BG 1D 
 
49.17 
 
1.096875 
 
24.5284 
 
-21.77 
 
0.51152223 
 
319 
 
9.4 
 
BG 2D 
 
54.02 
 
1.038587 
 
22.8038 
 
-22.11 
 
0.51150461 
 
309.2 
 
8.79 
 
BG 3D 
 
27.82 
 
1.213361 
 
24.9244 
 
-22.18 
 
0.51150079 
 
428.37 
 
10.77 
 
BG4D 
 
21.69 
 
2.192107 
 
4.58581 
 
-14.61 
 
0.51188894 
 
636.51 
 
2.45 
 
BG 5D 
 
26.52 
 
1.105269 
 
3.0568 
 
-6.62 
 
0.51229862 
 
142.82 
 
2.15 
 
BG 2 
 
79.76 
 
0.94126 
 
45.45 
 
-21.50 
 
0.511536 
 
278.68 
 
8.7 
 
BG 4 
 
38.77 
 
1.13592 
 
21.18 
 
-16.44 
 
0.511795 
 
290.27 
 
4.84 
 
BG 6 
 
52.67 
 
1.09719 
 
37.93 
 
-22.08 
 
0.511506 
 
273.36 
 
7.32 
 
BG 8 
 
42.48 
 
0.83398 
 
29.01 
 
-18.26 
 
0.511702 
 
367.28 
 
6.14 
 
BG 20 
 
109.02 
 
0.83398 
 
51.02 
 
-26.51 
 
0.511279 
 
156.43 
 
8.28 
 
BG 28 
 
31.39 
 
1.04464 
 
27.22 
 
-18.04 
 
0.511713 
 
177.59 
 
5.58 
 
Table. 6.2. Isotopic data of metasedimentary rocks from the Bomdila Group, NE 
Lesser Himalaya. 
SAMPLE 
ID 
Sr ppm 87/86Sr Nd ppm εNd 
143/144
Nd Rb ppm Sm 
ppm 
DG-10 93.8 0.841532 27.1584 -27.08 0.51124964 213.266 6.777 
RG-33 54.01 0.917964 33.2607 -26.67 0.51127099 376.853 7.979 
RG-45 143.15 0.798352 24.075 -26.31 0.51128945 205.228 7.166 
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BG-69 28.18 1.180299 24.7668 -26.92 0.51125788 238.195 7.711 
RG-44 20.32 0.943888 17.0664 -26.69 0.51126999 40.124 3.989 
BG-70A 15.52 0.806452 13.8893 -27.99 0.51120307 57.898 4.889 
BG-71 19.35 0.857877 23.7515 -20.47 0.51158853 197.306 6.828 
BG-60A 60.58 0.802613 22.4259 -27.02 0.51125282 102.86 5.589 
 
6.3. New age of the Bomdila Granite 
 
Rb-Sr whole rock analysis of granitic rocks in Bomdila area has been carried 
out during the thesis work which gives isochron age and initial 
87
Sr/
86
Sr as 1171 ±17 
Ma and 0.7700± 0.0087. This (Stenian) age is distinctly younger than the age of 1900 
+100 Ma reported by earlier people (Dikshitulu et al., 1995) working in the same area. 
This strongly suggests that there are at least two generations of igneous activity in the 
area. The first time report of this (Stenian) age, which has been determined during the 
present study, is quite significant and has many implications. 
Firstly, earlier workers reported only two acidic magmatic events in the Lesser 
Himalaya i.e. Precambrian (1900 + 100 Ma) and Lower Paleozoic Pan-African (500+ 
100 Ma) event. But a large and most significant event around 1200 + 100 Ma which 
can be related to Grenvillian Orogeny is largely ignored in this part of the Himalaya. 
Thus the prevailing thought about a big gap in the magmatic episodes in the Lesser 
Himalaya is ruled out from the present study which provides an evidence of magmatic 
event around Stenian period in the Lesser Himalaya. Therefore Grenville orogeny 
which is presently restricted to Laurasia may be extended to Gondawana land also. 
Grenville orogeny was responsible for the assembly of Rodonia Supercontinent. 
Secondly, Stenian period detrital zircons found in Vindhyan rocks (Malone et al., 
2008) probably indicate that this orogenic event which has produced granites may 
have supplied detritus not only to the basins of the Himalayan region but also to the 
adjacent Peninsular Indian basins. It is well known that majority of zircons are found 
in granites and thus any zircon found in a sedimentary rock has a source from granitic 
pluton and moreover the Peninsular Indian region comprising Bundelkhand and 
Aravalli cratons are devoid of Stenian period granitic plutons but contain very old 
granitic bodies older than Stenian period (Basu, 1986). This further clearly 
demonstrates that the Stenian granitic bodies from the Himalaya have played a 
significant role in the crustal growth history of Indian subcontinent.  
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Fig. 6.1. Isochron Plot of Rb
87
/Sr
86
 vs. Sr
87
/Sr
86
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Chapter - VII 
GEOTHERMOBAROMETRY STUDIES 
7.1. Introduction 
Petrologists always endeavor to know precise quantitative estimates of pressure 
and temperature of formation of metamorphic rocks. Common usage of the term 
geothermometry and geobarometry stands-out for estimation of temperature and 
pressure conditions of rocks. Geothermobarometry in metamorphic terrains can 
constrain actual P-T paths during metamorphism and in conjunction with 
geochronology can be used to characterize P-T-t paths, potentially critical information 
for tectonic reconstructions. 
The recognition of ultra high pressure metamorphism has major implications for 
how continental crust may behave during subduction, collision and thickening in 
convergent plate regimes. Similarly, the growing acceptance of ultra high temperature 
metamorphism at regional scale has important significance in respect of the 
rheological and chemical nature of the lower continental crust during orogeny and the 
tectonic scenario responsible for such extreme metamorphic conditions. 
Several notable exposures of granulites from regional terrains of the world have 
been intensely researched but many granulites are still being formed and some still 
residing in the mid-lower crustal portions await to be exhumed through later tectonic 
events understanding the framework for evolution of granulites aided by P-T-t paths 
open up new insight into the lower-mid continental crust. 
Thermodynamic Calculation of Metamorphic Equilibria 
Since the mid 1970s a large number of books were published dealing with the 
application of thermodynamic to metamorphic studies indicating the greater interest in 
thermodynamic calculations of equilibrium states in Geology (Wood and Fraser, 
1977, Powell, 1978 etc.).  Currently thermodynamics and thermochemical data of 
individual minerals have increased in amount and have improved in quality as well 
(Holland and Powell, 1985, 1990, Burman, 1988; Rasmussen et al., 2006; Kempe et 
al., 2008; Rekha et al., 2013 etc.).  
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Geothermobarometry 
 From the beginning of the 20th century determination of pressures and 
temperatures of rock forming processes became a high spirited slogan to ornament the 
physico-chemical investigation of metamorphic rocks. Comprehensive review of 
geothermobarometry has been published by Essene, 1989. In late 1940s and 1950s 
experimental petrology played a vital role to provide data on univariant curves of 
simplified metamorphic reactions. The use of solvus thermometers came into 
existence in 1950s, while the Fe–Mg exchange thermometers were opened to the 
thermodynamic study by Ramberg and DeVore, 1951. Equilibria of solid–solid 
reactions are widely employed by several workers in recent times.    
7.2. Geothermometers 
Geothermometres are those equilibria that are broadly temperature dependent 
(large ∆ H and ∆S) and relatively insensitive to pressure (small ∆ V). A steep slope 
for equilibrium constant isopleths in the P-T space makes up a good geothermometer. 
There are essentially two types of thermometers; (i) exchange thermometers and (ii) 
solvus thermometers. 
Exchange thermometers are mainly based on the exchange of Fe and Mg between 
coexisting silicates. As an example, the reaction involving Fe and Mg exchange 
between garnet and biotite may be written as. 
Almandine      +       Phogopite      =        Pyrope         +      Annite……….. …  (2) 
FeAl2Si3O12           KMg3AlSi3O10 (OH) 2     Mg3Al2SiO12      KFe3AlSi3O10 (OH)2 
FeMg-1 exchange between garnet and biotite is defined by equilibrium constant as 
K= (Fe/Mg) garnet/ (Fe/Mg)biotite. This expression of partitioning of a pair of elements 
between two minerals is commonly refereed as distribution coefficient (KD). 
Solvus Thermometers rely on the compositional variability of two coexisting, 
structurally related phases that are connected to the miscibility solvus in a T-X space. 
Miscibility gaps are clearly temperature dependent and hence serve largely as 
thermometers. Orthopyroxene-clinopyroxene and plagioclase-alkali feldspar mineral 
pairs are noted examples for solvus thermometry. 
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7.3. Geobarometers 
Vapour-absent, solid-solid, net-transfer equilibria serve as potential 
geobarometers as they involves substantial volume changes and have shallow positive 
slope in P-T space. They have little temperature dependence (small ∆S, ∆H). For 
example, let us take the net-transfer reaction related to the pressure stability of 
anorthite. 
Anorthite           =       Grossular       +    Kyanite   +   Quartz              …………… (3) 
3CaAl2Si2O8                    Ca3Al2Si3O12            2Al2SiO5              SiO2 
Many geobarometers involving strong refractory phases such as garnet, 
orthopyroxene etc. are among the robust barometers. However, usage of different 
activity models from the published literature on common minerals like garnet, 
plagioclase, and orthopyroxene is mainly responsible for the wide spread in P-T 
estimates and calls for further refinement of activity– composition relationships.  
7.4. Internally Consistent Thermobarometers 
The thermodynamic properties of minerals and the activity models are becoming 
more accurate and refined with time. Therefore, there has been a great deal of focus 
on the use of self-consistent data sets which avoid introduction of systematic errors. 
The thermobarometric expression based on internally consistent data set utilizes the 
same thermodynamic data and activity model for all phases. In view of this, 
application of thermobarometry relying on internally consistent database (e.g. 
Berman, 1988; Holland and Powell, 1990; Aranovich and Berman, 1996; Berman and 
Aranovich, 1996) results in precise P-T estimates. 
1. Assessment of Chemical Equilibrium 
The concept of a priori assumption on the attainment of chemical equilibrium 
between the participating phases is a fundamental requirement for the application of 
thermobarometry. For this purpose it is preferred to look for subset of parageneses in 
adjoining domains within the same rock that may reflect local equilibrium or mosaic 
equilibrium. As such equilibrium can be disapproved but vice-versa is not possible. 
Hence non-fulfillment of a set of criterion aimed to verify disequilibrium in a rock 
indirectly provides check on equilibration conditions.  
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 Crossing of the tie-lines for the working assemblage in topological projection is 
one such way. When tie-lines do not cross, it is consistent with equilibrium. 
Partitioning of elements in a pair of coexisting minerals also provides a check. 
Whether the distribution coefficient pattern is systematic or random; it may indicate 
accordingly equilibrium or possible disequilibrium. 
2. Restraints and Sensitivity of Formulations 
Many of thermobarometric are susceptible to a limited P-T span. The common 
garnet-biotite exchange equilibria have currently at least two dozen different 
calibrations as geothermomter. Some clearly define their usage for restricted 
compositional range only. For example, the ideal mixing model of Ferry and Spear 
(1978) has restricted application to the rocks with garnet low in Ca and Mn when (Ca 
+Mn)/(Ca+Mn+Fe+Mg)≤0.2 and with biotites low in AlVI and Ti, where (AlVI 
+Ti)/(Al
VI+Ti+Fe+Mg) ≤0.15. The calibration Hodges and Spear (1982) and 
Perchuck and Lavrent Leva (1981) include corrections for grossular component in 
garnet, which is known to mix non-ideally with Pyrope. Consequently, they yield 
higher temperatures than that of Ferry and Spear (1978). Indares and Martignole 
(1985) added a correction for Ti and Al
VI
 contents of biotie. Similarly solvus 
thermometers are rather more useful at high temperatures but not as much at relatively 
low temperatures where mineral compositions are located on the steep gradients of the 
solvus. 
3. Analytical Errors in Microprobe Data 
A major disadvantage of the microprobe technique is that it determines only total 
iron. Fe
2+
 and Fe
3+
contents are calculated from the ideal structural formulae following 
different recasting schemes. Unfortunately such recalculations techniques from 
stoichiometry are sensitive to even minor analytical errors of SiO2 and 
Al2O3determinations, especially when Fe
3+
content are low. An independent check by 
wet chemical analysis or Mossbauer spectroscopy is advisable. Often temperatures are 
calculated from Fe-Mg distribution equilibria on the basis of total iron. These 
estimates may differ up to 100
0
C considering Fe
2+
 only. 
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4. Re-equilibration During Retrogression 
In very few cases we obtain peak metamorphic conditions from thermobarometric 
calculations. Quite often, they registered low temperature condition because of re-
equilibration during retrogression. Pattison and Begin (1994) noted that even Fe-Mg 
exchange thermometry on most refractory phases e.g. core composition of garnet and 
orthopyroxene grain in contact may not record peak conditions due to resetting. The 
recovery of peak metamorphic conditions in such late Fe-Mg exchange influencing P-
T estimates was made possible using convergence technique (see Fitzsimons and 
Harley, 1994; Begin and Pettison, 1994). Similarly two-feldspar thermometer usually 
gives low temperatures because of exsolution feature. Bohlen and Essene (1977) 
applied the microprobe reintegration technique for exsolved lamellae to obtain 
geologically reasonable temperatures.  
5. Mineral Zoning 
Chemical zonation in minerals can be utilized to constrain P-T histories of 
metamorphic rocks. Unfortunately growth histories are commonly lost in potentially 
zoned minerals like garnet that reaches temperatures beyond 600
0
C. Composition 
profiles in minerals should be cautiously interpreted while correctly ascertaining 
which portion of zoned mineral is in equilibrium with the matrix.  
6. Quality of Formulations 
Most of the thermobarometric calculations are either based on experimental or 
thermo- dynamic data base. Though our knowledge on thermodynamics of mineral 
reactions and calorimetric data has considerably augmented, much more is awaited.  
Neglect of volume corrections for solid–solid equilibria, use of poor mixing 
models, large thermodynamics differences between the natural and its poor analogue 
of synthetic phase, use of experimental data without establishing tight bracketed 
reverse results can seriously damage the merit of calibration. Ongoing current 
researches in experimental petrology with improved technical know–how will further 
accelerate the process of refinement in respect of thermochemical properties of 
minerals.  
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7. Error Analyses 
It combines both, the precision and the accuracy of P-T determinations and 
requires a rigorous analysis prior to arriving at a meaningful interpretation of 
thermobarometric results. As an example, for most geobarometers, the total 
uncertainty in pressure is represented by a some of series of independent error 
sources. 
σP-total = σP-statistical + σP-activity models + σP-sample heterogeneity 
Many workers have described the details of calculations on propagated 
uncertainties in thermobarometry (Hodges and McKenna, 1987. Kohn and Spear, 
1991). The term precision describes randomly distributed errors and relates to 
analytical uncertainty during microprobe analysis. Accuracy of P-T estimate is a 
gauge of how closely , the estimate reproduces the actual P-T conditions, which in 
real sense is difficult because the error sources contributing to it are not well 
constrained.  
8. Extrapolatations 
Application of a number of reaction equilibria that were initially studies 
experimentally at extreme P-T regime to lower P-T conditions necessitates an 
extended projection of original reaction slope in a domain beyond the critical limits 
resulting in a precarious inference. Estimations of propagated sizable uncertainty in 
these cases is, therefore, highly unreliable. 
9. Effect of Cation Order/Disorder 
The effect of cation disorder on thermobarometry is often ignored. The 
experimental data on sapphirine stability indicates the meta-stable disordered phase, 
while in gradually cooled natural samples this phase is an ordered one. More crustal 
chemical work on sapphirine is crucial before reactions involving sapphirine could be 
reliable used for quantitative thermobarometry. 
Similarly for feldspars, selection of appropriate Al-Si ordering state for the 
calculations of interest is essential. Albite and K-feldspars possibly start disordering 
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around 450
0
C. Instead, plagioclase is not totally disordered even at higher 
temperature. Thermodynamic model for high plagioclase solid solutions of Orville 
(1972) and Newton et al., (1980) are commonly accepted. 
10. Blocking Effect 
During post peak metamorphic conditions as the rocks cool, thermobarometeres 
apt to reset through continuous reactions. Ultimately when the temperature falls 
sufficiently low, the reactions cease to operate. Temperature record by a thermometer 
that has been reset during cooling is called blocking (closure) temperature. 
Since most of the cation exchange thermometers have closure temperatures below 
that of granulite facies, these thermometers are likely to reset during cooling. 
Blocking effect is more pronounced in case of net-transfer reactions (geobarometers) 
while exchange reactions (geothermometres) re-equilibrate at lower temperature. The 
degree of resetting of cation exchange thermometers depends on the rate of diffusion 
which relates to the grain size. These factors suggest that thermometry should be 
applied to such pair of minerals in rocks that occur in high model proportion and 
possibly as coarse blasts particularly when cooling rates are slow (Spear and Florence, 
1992). 
7.5. P-T-t PATH. AN INTEGRATED APPROACH 
Construction of a complete P-T-t path requires; 
(a) Tectonic history (P-t history) to be resolved by geophysicist and structural 
geologist. 
(b) Metamorphic history (P-T loop) to be resolved by metamorphic petrologist. 
(c) Geochronological history (T-t segment) to be resolved by geochronologist. 
The generalized P-T loop requires 
(a) Entrapped mineral inclusions in porphyroblasts and mineral zoning profiles 
for pre-peak crystallization history. 
(b) Conventional/internally consistent geothermobarometry and use of 
convergence technique for estimation of peak/near-peak P-T conditions. 
(c) Reset mineral equilibria for retrograde P-T path. 
(d) Late stage fluid inclusion for uplift path. 
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Besides “textures” and petrogenetic grids are source of valuable information for 
inferring metamorphic history of the rock. Pertinent grids in FMAS system by Hansen 
and Green, 1973; KFMAS (H) system by Carrington and Harley, 1995 as well 
provide useful framework to constrain the P-T conditions. Hence deduced P-T-t path 
should combine petrological, geochronological and geophysical data. 
Metamorphism, deformation and magmatism make up important factors in an 
orogen. their interplay produces strikingly different P-T-t paths. Diversity in P-T-t 
paths in granulites relates to different tectonic settings. Characteristics shape and style 
of metamorphic P-T-t paths are significant in distinguishing the tectonic processes in 
the regional metamorphism. 
Mainly two types of P-T-t paths are diagnostic, either near isobaric cooling (IBC) 
or near isothermal decompression (ITD). These P-T-t loops may be either clockwise 
or counter-clockwise (anti-clockwise) in style. However, in nature, P-T-t paths are 
often more complex and hybrid and may represent a combination of both ITD and 
IBC; such as an initial IBC followed by ITD (or vice versa) related to multiple 
tectonothermalevents.  
In a clockwise P-T-t path, maximum pressure is attained prior to the thermal 
maxima and they are normally related with plate collision, producing thick crust and 
moderate to high pressure metamorphic terrains with a thermal imprint. The origin 
and setting of the regional granulites in relation to the thickening of the crust can be 
achieved through other possible mechanism. (a) crustal thickening by over thrusting 
(intercontinental, ocean-continent subduction). 
(b) Crustal thickening by vertical stretching (continental collision). 
(c) Crustal thickening by magmatic accretion (growth of crust from mantle). 
It is believed that continental collision provides an effective mechanism for burial, 
heating, transportation and re-exposure of many granulite grade metamorphic belts in 
an orogenic event.  
Anti-clockwise (or counter clockwise) P-T-t paths characterize low P, high T 
metamorphism, where heating of the crust occurs before and during the tectonic 
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loading such that the thermal maxima are attained prior to the peak–P conditions. 
Possible heat sources for granulite metamorphism include. 
(a) Magmatic heating and heat transported by fluid flow. 
(b) Conductive heating in double thickened continental crust. 
(c) Conductive heating of thin imbricate thrust slices in the lower most crust. 
(d) Major pre- heating of the over crust prior to simple–shear thrusting. 
(e) Shear heating along the thrust. 
The basic characteristics resulting in an IBC path require elevation of geothermal 
gradient above the steady state geothermal gradient which is relaxed to evolve 
towards the steady state without a change in depth. Under these circumstances, both 
erosion and tectonic denudation may produce periods of isobaric cooling. 
Apparent P-T Paths 
Many of the granulite facies rocks reach temperatures higher than the effective 
closure of Fe-Mg exchange; thus Fe-Mg exchange thermometry may not be placed 
with confidence in conjunction with P-sensitive equilibria to predict probable P-T 
path experienced by high grade rocks. In such cases P-T paths may be modified so as 
to give a false path by retrogression (e.g., Frost and Chacko, 1989. Florence and 
Spear, 1991). In some cases P-T paths obtained from core-rim thermobarometry are 
an artifact of the calculation technique (Selverstone and Chamberlain, 1990). This is 
due to the fact that the thermometers based on Fe-Mg exchange reactions are not 
likely to quench at the same P-T conditions as barometers that are based on net–
transfer equilibrium. Isobaric cooling paths, consequently obtained are inconsistent 
with the P-T history recorded by the mineral parageneses. Therefore, P-T paths 
deduced alone from thermobarometry may yield misleading results. As metamorphic 
textures are vital to understanding the rock history, combining textural evidences for 
the reaction history of the rock together with geothermobarometry can provide 
realistic P-T trajectories. 
7.6. P-T conditions and Metamorphic history of Bomdila Area 
Fresh samples of Granite Gneisses and associated mica schists from the Bomdila 
complex have been chosen for Geothermobarometric studies. Microprobe analyses of 
minerals (Table 7.1) have been carried out using CAMECASX-100 electron 
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microprobe (EMP) analyzer at the Department of Earth Sciences, Pondicherry 
University, Puducherry, India. The JEOL JSM 6490 Scanning Electron Microscope in 
the department was used for obtaining back scattered electron (BSE) images (figures 
below).For major elements we use natural standards such as Albite/Jadeite for Na, 
Diopside for Ca, Si, Orthoclase for K, Almandine/Fe2O3 for Fe, TiO2 for Ti, MgO for 
Mg, Cr2O3 for Cr, Rhodonite for Mn, Al2O3 for Al with beam current 20 nA and the 
acceleration voltage at 15 kv. The conventional grt-ms-bt and amph-pl 
geothermobarometers are used to estimate the temperature and pressure conditions of 
the rocks. Thermobarometric calculations using a variety of barometers and 
thermometers reported in the literature (for e.g. Thompson, 1976; Newton and 
Haselton, 1981; Bhattacharya et al, 1992; Haselton et al 1983; Price, 1985;Pechuk et 
al., 1991; Hoisch, 1990; Hodges and Crowley, 1985; Dachs, 1990; Ghent and Stout 
(1981)suggest temperatures between 571
0
C to 600
0
C and pressures from 8.2 to 9.1 
kbars (figures below). These studies indicate that the Bomdila area may have attained 
the upper amphibolitic conditions during the Himalayan orogeny, although the age of 
the event is correctly not known.  And also a slight increase in the P-T conditions can 
be seen as we are moving up in the sequence towards close to the MCT. 
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BSE image of Sample No.BG-15.Amph = amphibole, Pl = plagioclase. 
 
BSE image of Sample No.BG-11.Bt = biotite, Mu = muscovite, Grt = garnet 
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BSE image of Sample No. BG-3. Bt = Biotite, Mus = Muscovite, Pl = Plagioclase 
 
BSE image of Sample No. BG-10. Bt =Biotite, Mus = Muscovite 
 
 
127 
 
          Mu-Bt-Grt thermobarometry of sample No. BG-11 
 
        Amph-Pl thermobarometry of sample No. BG-15 
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Table 6.1. Microprobe analytical data of the Bomdila Granite Gneisses and Schists. 
     
BG-10 (Gneiss) 
        Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Cr2O3 MnO FeO BaO ZrO2 Total Comment 
0.03 2.55 20.68 37.76 0.08 0.01 3.44 0.07 0 0.12 35.48 0.02 0.11 100.34 Alm_std 
2.13 6.46 29.73 36.41 0.03 0.04 1.12 0.88 0 0.01 8.08 0 0 84.9 tourmaline 
0.6 1.24 32.41 47.73 0.04 10.46 0.03 0.46 0.03 0.06 2.34 0.33 0 95.72 mus 
0.59 1.07 33.25 46.99 0.01 10.58 0.04 0.44 0 0 1.9 0.29 0.01 95.17 mus 
8.58 0 24.67 61.29 0.07 0.11 6.24 0.04 0 0.04 0.07 0.01 0.07 101.21 plag 
0.02 0 0 100.14 0.02 0 0.01 0.02 0 0.06 0.15 0.03 0.07 100.52 quartz 
0.63 1.21 32.59 47.26 0 10.7 0.02 0.7 0.03 0 2.22 0.26 0 95.63 mus 
1.85 5.15 30.17 38.06 0 1.69 0.91 1.01 0.07 0 6.73 0 0 85.64 tourmaline 
8.56 0 24.29 61.47 0.05 0.16 6.14 0 0.01 0 0.04 0 0.02 100.73 plag 
9.49 0 23.13 63.82 0.02 0.18 4.37 0 0 0 0 0.03 0.04 101.08 plag 
0.91 0.06 18.8 64.65 0 14.85 0.61 0.01 0.03 0.09 0.4 0.15 0 100.55 K-fld 
0 0.33 2.94 33.66 0 1.18 0.05 0.2 0 0 2.06 0.07 55.88 96.36 zircon 
0.4 4.91 22.32 38.32 0 9.9 0.03 1.74 0 0 16.13 0.05 0.04 93.83 biotite 
0 0.01 0 31.7 0 0 0 0.01 0.02 0.01 0.12 0 66 97.88 zircon 
0.27 5.47 20.38 37.43 0.06 8.75 0.22 1.77 0.04 0.01 19.27 0.04 0.11 93.82 biotite 
0.05 0.03 0 0.05 0 0.04 0.01 51.96 0 0.89 43.88 0 0.02 96.93 ilmenite 
0.16 6.22 16.61 32.83 0.02 9.53 0 2.88 0.02 0.02 22.38 0 0.09 90.74 alt biotite 
0.4 6.53 16.34 33.45 0.09 9.2 0.07 2.19 0 0.13 20.86 0.16 0.12 89.53 alt biotite 
0.24 6.78 16.62 34.23 0.02 9.35 0.03 2.17 0 0.05 21.51 0.02 0 91.02 alt biotite 
0.7 0.74 33.99 47.29 0.08 10.78 0.03 0.54 0.02 0.01 1.94 0.22 0 96.33 mus 
0.82 0.76 33.84 47.98 0.01 10.49 0.07 0.54 0 0 2.16 0.25 0 96.92 Mus 
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BG-11(Gneiss) 
Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Cr2O3 MnO FeO BaO ZrO2 Total Comment 
0 2.47 20.86 37.39 0 0.03 3.56 0.1 0 0.13 35.64 0 0.03 100 Alm_std 
0.06 2.09 20.22 37.11 0.05 0.03 3.8 0.01 0.01 0.53 34.21 0 0.07 98.2 garnet 
 1.55 0.77 35.61 48.66 0.04 9.13 0.03 0.38 0.09 0 1.51 0.27 0.07 98.1 mus 
 0.03 2.03 20.36 37.14 0.04 0.02 4.91 0.07 0.05 0.57 33.29 0.15 0 98.7 garnet 
 0.07 2.3 20.44 37 0.03 0 2.54 0.06 0 0.76 35.25 0.05 0 98.5 garnet 
 0.15 0 0.09 99.2 0.06 0.06 0 0 0.01 0 0.39 0 0 100 quartz 
 1.57 0.53 35.86 47.44 0.01 9.31 0.02 0.32 0 0.04 0.98 0.24 0 96.3 mus 
 1.44 0.96 34.44 47.98 0.02 9.57 0.01 0.33 0.05 0.14 1.31 0.17 0.07 96.5 mus 
 0.49 7.9 17.68 34.98 0.04 8.91 0.02 1.45 0.06 0.03 20.63 0.1 0.05 92.3 biotite 
 0.21 11.5 21.58 23.7 0.08 0.11 0.04 0.11 0.07 0.01 27.27 0.01 0 84.7 chlorite 
 0 0 0.02 99.05 0 0 0 0.04 0 0.07 0.54 0 0 99.7 quartz 
 1.36 0.92 34.9 47.93 0.03 9.18 0 0.29 0.08 0 1.41 0.25 0.03 96.4 mus 
 0.02 2.13 20.62 36.71 0.02 0.02 4.04 0.07 0.11 0.63 33.99 0 0 98.4 garnet 
 0.06 1.94 19.31 35.02 0.04 0.01 3.62 0.03 0.05 0.7 34.75 0 0 95.6 garnet 
 0.06 0.02 0.03 0.06 41.25 0.09 55.3 0.06 0 0.04 0.13 0 0 97 apatite 
 1.45 0.67 35.63 46.6 0.04 9.29 0.01 0.41 0.07 0.03 1.55 0.25 0 96 mus 
 0.03 0 0 0 0.02 0 0 0 0.03 0.04 60.5 0.05 0 60.7 iron sulphide 
0.05 0.04 0 0.02 0.04 0.03 0 0.06 0 0.08 60.67 0 0 61 iron sulphide 
0 0.01 0 0 0.03 0 0 0 0 0.01 61.16 0 0.04 61.3 iron sulphide 
1.27 1.03 34.04 48.11 0.02 9.2 0.01 0.38 0 0 1.48 0.2 0.1 95.9 mus 
 10.34 0 21.96 65.37 0 0.07 2.89 0.03 0.01 0 0.04 0.02 0.05 101 plag 
 0.53 8.14 18.22 35.65 0.03 8.87 0.02 1.49 0.05 0 19.98 0.07 0 93 biotite 
 1.41 1.03 33.61 48.18 0.01 9.54 0 0.39 0.01 0 1.69 0.24 0.08 96.2 mus 
 0.44 8.21 18.24 35.9 0.06 8.85 0.01 1.54 0 0.07 20.2 0.05 0.02 93.6 biotite 
 9.99 0 21.44 65.66 0 0.09 3.57 0.02 0 0 0.08 0 0.03 101 Plag 
 0.32 8.22 17.83 35.59 0.02 9.19 0 1.53 0.03 0.09 20.11 0.07 0 93 biotite 
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BG-3(Gneiss) 
               Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Cr2O3 MnO FeO BaO ZrO2 Total Comment 
0 2.54 20.7 37.89 0.03 0 3.58 0.06 0 0.2 35 0 0.04 100.04 Alm_std 
1.93 3.52 32.56 36.19 0 0.04 0.32 0.33 0 0.03 11 0.09 0.05 86.34 tourmaline 
0.43 0.98 33.37 48.18 0 11.17 0 0.04 0 0 3 0 0.02 97.2 mus 
2.15 4.9 29.81 35.69 0 0.11 1.05 0.92 0 0.02 11 0 0 86.06 tourmaline 
2.25 5.43 30.62 36.11 0 0.04 0.94 0.02 0 0 10 0 0 85.42 tourmaline 
1.98 4.89 30.15 35.62 0 0.1 1.33 1.08 0 0.05 11 0 0.04 86.57 tourmaline 
0.36 1.12 31.04 47.65 0 11.06 0.04 0.61 0.05 0.06 3 0.13 0 95.07 mus 
0 0.03 0 30.61 0.11 0.03 0.04 0 0 0 0.2 0.05 65.3 96.4 zircon 
0.04 0 5.05 30.76 0 0.01 28.87 32.5 0 0.04 0.4 0 0 97.62 sphene 
0.19 4.58 15.65 33.46 0 9.49 0.07 2.31 0 0.24 26 0.05 0.02 92.32 biotite 
0.35 1.11 31.96 48.48 0.05 11.13 0 0.62 0 0 2.9 0.11 0 96.75 mus 
0.33 1.46 30.55 49.28 0 11.11 0.03 0.54 0.02 0.05 4 0.07 0.01 97.41 mus 
0.2 4.41 16.57 34.52 0.04 9.26 0.02 2.98 0 0.29 26 0.03 0 93.85 biotite 
9.36 0 23.12 63.79 0 0.32 4.42 0 0.04 0.08 0 0 0.05 101.19 plag 
9.27 0 23.37 63.45 0.04 0.24 4.64 0.01 0.01 0.02 0 0 0 101.07 plag 
0.29 1 32.58 47.6 0.06 11.01 0 0.61 0.02 0.09 2.7 0.01 0 95.97 mus 
9.28 0 23.02 62.8 0.03 0.31 4.54 0.02 0 0 0.1 0 0.03 100.14 plag 
0.22 4.59 17.15 34.49 0.03 9.48 0.04 2.75 0.04 0.3 25 0 0.07 94.08 biotite 
0.42 1.37 31.23 49.85 0.03 10.98 0.06 0.36 0.03 0.04 3 0.09 0 97.47 mus 
0.2 4.55 16.5 34.18 0.03 9.72 0.03 2.1 0 0.32 26 0 0 93.68 biotite 
0.39 1.34 31.17 49.35 0 11.12 0 0.51 0.02 0.04 3.3 0.06 0.03 97.3 mus 
0.34 1.32 31.17 48.8 0.01 11.19 0.04 0.52 0.02 0.01 3.3 0.08 0.01 96.78 mus 
0.36 1.25 31.82 49.39 0.01 11.08 0.02 0.58 0 0 3.3 0.06 0.03 97.89 mus 
0.38 1.22 31.35 48.2 0.01 10.97 0.03 0.55 0.05 0.09 3.2 0.17 0 96.27 mus 
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BG-15 (Schist) 
Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Cr2O3 MnO FeO BaO ZrO2 Total Comment 
1.52 9.39 14.55 44.2 0 0.4 11.47 0.41 0 0.23 15.18 0 0 97.4 Amph 
1.66 8.62 15.73 41.85 0.03 0.46 11.03 0.48 0 0.25 15.8 0 0 95.9 Amph 
1.62 9.64 13.8 43.39 0 0.39 11.46 0.42 0.04 0.22 15.09 0 0.07 96.1 Amph 
1.51 9.41 14.12 43.09 0 0.36 11.38 0.46 0.28 0.26 15.23 0.01 0.03 96.1 Amph 
0.04 0.09 0 0 0.02 0 0 52.4 0 1.3 44.06 0 0.09 98 ilmenite 
1.61 9.41 14.44 42.93 0.03 0.36 11.3 0.45 0.06 0.36 14.95 0 0.01 95.9 Amph 
1.54 9.06 14.93 42.45 0 0.42 10.9 0.45 0 0.31 15.36 0 0.06 95.5 Amph 
1.53 9.4 14.99 43.31 0 0.4 11.2 0.43 0 0.29 15.37 0 0 96.9 Amph 
1.63 9.33 15.59 42.91 0 0.42 11.06 0.38 0.05 0.17 15.67 0 0 97.2 Amph 
1.71 9.14 15.97 42.09 0 0.49 11.16 0.35 0.06 0.31 15.53 0.07 0.06 97 Amph 
1.42 8.78 14.61 40.52 0.03 0.35 11.29 0.46 0.01 0.32 15.15 0 0 93 Amph 
1.56 9.23 14.99 42.48 0 0.37 11.33 0.64 0.05 0.33 15.56 0 0.08 96.6 Amph 
1.17 11.12 10.77 45.36 0.07 0.34 11.45 0.57 0.05 0.2 14.37 0 0 95.5 Amph 
1.52 9.42 14.25 42.97 0 0.38 10.73 0.37 0.02 0.28 14.62 0.07 0 94.6 Amph 
9.91 0 23.04 63.3 0 0.07 4.3 0.01 0.02 0 0.04 0 0 101 Plag 
9.11 0 23.77 62.13 0 0.06 5.31 0 0 0.05 0.18 0.03 0.01 101 Plag 
1.64 9.05 15.75 42.1 0 0.45 10.98 0.42 0 0.34 15.22 0.04 0 96 Amph 
1.83 8.81 16.04 43.14 0 0.44 10.79 0.45 0.01 0.18 15.57 0 0 97.3 Amph 
0.02 0.19 0 0.05 0.02 0 0.02 52.6 0.06 1.14 44.73 0 0.07 98.9 Ilmenite 
0.04 0.14 0.01 0.06 0 0.01 0.03 52.4 0 1.08 44.31 0 0 98 Ilmenite 
8.66 0 24.04 60.81 0.02 0.08 5.73 0 0 0.09 0.2 0 0 99.6 Plag 
1.7 8.89 15.97 41.1 0 0.46 11.07 0.51 0.05 0.26 15.18 0.03 0.09 95.3 Amph 
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Chapter –VIII 
DISCUSSION AND PETROGENESIS 
The essential purpose of the petrogenetic study of an igneous rock or suite of 
igneous rocks is to determine the chemical and mineralogical composition of the 
parents at the time of melting, the history of the parents prior to melting, the extent of 
partial melting, the temperature and pressure conditions during partial melting, and 
modifications of the primary melt composition due to differentiation, and reaction of 
resulting melts or rocks due to mixing of melts. 
8.1. Evolution of Granites 
A major problem in petrogenesis of granites is determining the relative 
contributions of mantle and crust-derived components. Resolution of this problem is 
of crucial importance not only to specific granites genesis, but also to understanding 
the origin and evolution of the continental crust. Because of large variation in source 
components for granites in general, number of petrogenetic models for granitoid rocks 
have been put forward by many workers. A brief description of the existing models in 
granitoid genesis is discussed below and a best suited model for Bomdila granites, 
after careful interpretation of chemical variations, is also proposed. 
8.1.1. Interpretation of Chemical Variations 
Restite-Unmixing 
Restite-Unmixing hypothesis has been proposed by White and Chappell 
(1977) to explain chemical variations in granitoid suites. According to their model, 
when granitoid melt is formed, melting is not complete so that the resulting magma is 
composed of variable mixtures of liquid (granitic melt) and crystals of refractory 
minerals (restite). The melt, bulk restite and the source rock compositions lie on a 
straight line on any geochemical variation diagram. 
The linear trend observed for some of the elements in Bomdila granites (Fig. 4.2) may 
support the restite-unmixing hypothesis of White and Chappell (1977). However, 
Wall et al. (1987) suggest that the linear variation in major and trace element (Harker 
plots) may result from magma mixing. The scattering shown by some of the elements 
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in bivariate plots of Bomdila granites cannot readily explain the restite-unmixing 
models for these granites. The minerals, which were considered to be restite in origin 
by White and Chappell (1977), (e.g. cordierite, zircon, garnet and plagioclase), do not 
reveal any characteristic feature to call them as restite. Moreover, cordierite has not 
been noticed in Bomdila granites, most of the plagioclase cores, and biotites wherever 
present, have euhedral shapes, whereas restite phases should show anhedral and 
resorbed grain shapes. The anorthite contents of plagioclase (15-20%) are not as 
calcic as envisaged for the restite model (An80, Chappell et al., 1987). Therefore, the 
petrographic evidence does not support the restite unmixing model for these granites. 
Magma Mixing 
Several studies on granitoid rocks (Reid et al., 1980; Furman and Spera, 1985; Allen, 
1992) have shown that partial mixing of mafic and silicic magmas is widespread in 
plutonic suites. The magma mixing model essentially requires the occurrence of 
chilled mafic fragments in a matrix as field evidence. This model is more likely to be 
applicable for metaluminous granites. Vernon (1983) and Didier et al., (1982) and co-
workers believe it is the dominant process in the formation of metaluminous granites. 
Sometimes the cognate cumulates which are generally characteristically enriched in 
early-crystallized ferromagnesian phases and calcic plagioclase; (Bateman and 
Chappell, 1979; Phillips et al., 1981) could be confused with restites or the inclusions 
of magma mixing origin. However, some of the criteria like true linear variation on 
Harker diagram, possible isotope incoherence between large enclaves and matrix and 
the textural features (enclaves with igneous texture represent cognate cumulates) 
should serve to distinguish inclusions of magma mixing origin. 
Langmuir et al. (1978) have observed that plots of trace element ratios versus 
trace element contents, and their “companion” diagrams should display hyperbolic 
and straight line trends respectively in agreement with a simple two end member 
mixing model. They have also shown that such diagrams also allow the concentration 
of an element of the end members to be determined from the asymptodes to the 
hyperbola, provided the curvature of the hyperbola is not very large. From 
incompatible/compatible element ratios vs. Sr (e.g. Fig. 8.1A, Rb/Sr vs. Sr,), the 
hyperbolic trend is clearly depicted for Bomdila granites, whereas its companion plot 
(i.e.     (Fig. 8.1.B, Rb/Sr vs. 1/Sr,) does not display any clear straight line trend. 
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Therefore, from these plots it can be inferred that two end members mixing have not 
taken place or the mixing model cannot be applicable for the Bomdila granites. 
Further, the mixing model explanation would be unrealistic in this case, as there is no 
field evidence for the existence of a mafic end member in these granites. 
The restricted silica range (SiO2= 65–75%) and most differentiated 
peraluminous composition of the Bomdila granites do not favour the magma mixing 
process. The steep REE patterns which are usually enriched in LREE also do not 
support the two end member mixing. Therefore, the observed chemical variations and 
non-linear bivariate patterns, a strong peraluminous nature of Bomdila granitoid 
requires another explanation than magma mixing. 
 
Fig. 8.1. Diagrams of trace element ratios vs. trace element content (A) and 
companion plot (B) of Bomdila granites. Hyperbolic trend in (A) is indicated. 
 
Thermo-gravitational Diffusion Model 
A model combining the effects of convective circulation and Soret diffusion has been 
proposed by Hildreth (1981) to explain the origin of concentrically zoned plutons. 
The Bomdila batholith consists of more than one pluton; zoning is not observed in the 
members of the suite and the extreme enrichments in felsic elements do not occur. 
Partial Melting and Fractional Crystallization 
The most likely process for the generation of Bomdila granites magma is partial 
melting followed by crystal fractionation, which is discussed below in detail. 
Generally, it has been shown that the fractional crystallization or assimilation and 
1/Sr 
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fractional crystallization (AFC) or both can effectively be involved during the 
generation of felsic magmas (DePaolo, 1981). McCarthy and Robb, (1978) proposed a 
fractional crystallization process for the evolution of granitic magmas on the basis of 
Ba, Rb, Sr distributions in granites. An in-situ fractional crystallization process has 
been suggested by Tindle and Pearce (1981) and Michael (1984) to explain the origin 
of extremely evolved felsic magmas. 
Most of the chemical variations that are observed in Bomdila batholith can be 
explained by a model in which the partial melting of source rocks in particular and 
fractional crystallization in general are involved. Although, some of the characteristics 
of Bomdila granites may directly reflect the source characteristics, the extensive 
depletion of incompatible elements (HFSE) and considerable enrichment of LIL 
elements may be attributed to fractional crystallization. 
On the inter-element variation diagrams (Fig. 4.2), a geochemical continuity 
of rocks among the three phases is exhibited. However, some of the elements also 
show scattering of the data. The scattering of the elements in the rocks generally 
results from fractionation or the heterogeneous accumulation of some major and 
accessory mineral phases which may be very rich in these elements (e.g. Arth, 1976; 
Pearce and Norry, 1979; Sawka, 1988). The curved trends observed for some of the 
elements on Harker diagram of the Bomdila suite can be better explained by 
fractionation model as it is generally envisaged that as crystallization proceeds phases 
which are solid solutions should change composition systematically and this should 
result in curved trends on the variation diagrams (Price, 1983). In Bomdila granites, 
zircon and apatite were commonly encountered and it is possible that their 
fractionation and/or heterogeneous accumulation may be responsible for the scattering 
observed in Zr and P2O5elements. Since many of the incompatible elements that are 
not incorporated in the major phases are taken out of the melt by the accessory phases, 
the fractionation of these accessory phases will have a control on the chemistry of the 
fractionated granites. 
 In granite melts the concentrations of Rb, Sr, Ba and their corresponding 
Rb/Sr and Sr/Ba ratios provide crucial information regarding the fractionation of the 
rocks because these elements are compatible with biotite, muscovite, plagioclase and 
K-feldspar. A strong decrease in Ba with increasing SiO2 may be caused by fractional 
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crystallization of biotite (and K-feldspar). A negative correlation between Sr and 
Rb/Sr (Fig. 8.2) and the lower Sr contents towards leucogranite samples also indicate 
plagioclase fractionation.  
 The inverse correlation between Ba and Rb/Sr (Fig. 8.2) for granites clearly 
indicates biotite (and K-feldspar) fractionation. In terms of Ti-Zr variation, most of 
the leucocratic samples have low Ti content and a positive linear correlation is 
observed for the granite samples (Fig. 8.3). This relationship suggests biotite and 
zircon fractionation from the magma (Clarke et al., 1993). Absence of amphibole in 
the Bomdila granites may be attributed to fractionation of these phases during the 
evolution of the granitic magma. Furthermore, the constant drop of Sc concentration 
with increasing SiO2 (Fig. 8.4) substantiate the above observation (Skjerlie, 1992; Jian 
et al., 2012; Fei et al., 2012; Yingxu et al., 2011). This inference is further supported 
by high normative corundum (>1%) mineralogy of Bomdila suite. Cawthorn et al. 
(1976) have suggested that the corundum normative magmas are the product of 
amphibole fractionation. 
 
Fig. 8.2. Rb/Sr vs. Sr and Ba for Bomdila granites. (Triangles = CPG; Cross hair 
symbols=LG) 
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Fig. 8.3. TiO2 vs. Zr relationship of Bomdila granites. 
 
 
Fig. 8.4. Sc vs. SiO2 relationship for the Bomdila granites.  
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Among the trace elements the REE are particularly useful group of elements 
because of their coherent behaviour to understand the differentiation of any magmatic 
suite. The REE abundance of granites reveal consistent evolutionary patterns from 
coarse grained porphyritic gneisses to leucogranite with increasing differentiation 
(e.g., CPG. differentiation index DI = 78; FG. DI=82; LG. DI=88) total REE contents 
and decrease in LREE/HREE ratios (Ce/Yb)N =11.0 – 71.1). The negative Eu- 
anomalies (Eu/Eu* = 1.04 – 0.11) are pronounced. In combination with decreasing 
CaO, Al2O3 and Sr the negative Eu-anomalies record fractionation of plagioclase 
(Hanson, 1978). Evans and Hanson (1993) have shown that the decreasing REE 
abundances with increasing differentiation for the suites with silica range of 60 – 80% 
(65 – 75% in present case) are difficult to account by the differentiation of only major 
rock forming mineral assemblages (i.e. feldspar, quartz, pyroxenes, amphiboles). 
Several studies on granites reveal that the monazite, allanite, zircon, sphene and 
apatite are the chief accessory minerals that contain the majority of rare earth 
elements (Hanson, 1978; Millar and Mittlefehldt, 1982; Gromet and Silver, 1983; 
Sawka, 1988; Ernst and Blecker, 2010). The negative correlation of TiO2, Zr and P2O5 
against increasing SiO2 on Harker variation diagram reflects the fractional 
crystallization of titanite, zircon and apatite respectively. Zircon fractionation is also 
reflected in low HREE concentrations of these granites (15ppm) and a decreasing 
Zr/Nd ratio against SiO2 (Fig. 8.5A). The negative trend in Zr/Nd against SiO2 results 
because the Kd for Zr is much greater than for Nd in zircon (Evans and Hanson, 
1993). That monazite/allanite seems to have played an important role in the genesis of 
the Bomdila granites is suggested because Sm/Nd and Nd are anti-correlated in the 
granites (Fig. 8.5B) (Skjerlie, 1992). 
Summarizing the above observations, it is apparent that the three main phases 
in some elemental bivariate plots exhibit a consistent differentiation trend from coarse 
grained type to leucogranite. Particularly regular decrease of some ferromagnesian 
elements Sc, V and Fe2O3
t
 and MgO with increasing differentiation index suggest that 
there has been a fractionation process which was responsible for these trends. In 
comparison with average upper crust abundance (Taylor and McLennan, 1985), the 
CPG is already enriched in LILE (Rb, Pb, K) and also in Y, whereas it is depleted in 
HFS-elements (Nb, Ti, Zr) and also in Sr, Sc and V. It is significant to note from this 
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Fig. 8.5. Zr/Nd vs. SiO2 (A) and Sm/Nd vs. Nd (B) variation diagrams for the 
Bomdila granites. 
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diagram that the fractionation of the CPG magmas results in further enhancement of 
Rb, Pb, K and drastic depletion of Sr, Ti, Sc and possible Zr and Mn. The consistent 
relative degrees of fractionation among different granitoid phases and the overlapping 
chondrite- normalized REE patterns of the samples may be interpreted as implying a 
cogenetic origin for the Bomdila granites. It is likely that the differentiation between 
the early phases (i.e. CPG and FG) is not much, whereas the later phase (LG) is the 
most differentiated rock (with high silica and DI contents) and may represent the 
residual liquid of the early phases. This feature is persistent throughout the bivariate 
diagrams wherein the two early phases always reveal a mixed plot but the 
leucogranite plots away from the two types with high silica. In the field, particularly 
in Dirang and Bomdila area, the leucogranite, unlike other two phases, is always 
accompanied with aplites and pegmatites thereby indicating the residual coeval 
intrusion of these into the main mass of granite (i.e. CPG+FG). 
8.1.2. Possible Source of Granites 
The scarcity of alkali-feldspar in sedimentary rocks, and the common absence 
of a hydrous fluid phase during high grade metamorphism imply that both potassium 
and H2O must be derived from the incongruent melting of micas during the generation 
of granite melts from metasedimentary protoliths (Holtz and Johannes, 1991; Patino-
Douce and Johnson, 1991). The composition of the peraluminous granite is directly 
related to peraluminous source rocks. Anatectic melting of peraluminous 
compositions, such as pelitic metasediments, may generate peraluminous liquids rich 
in quartz, orthoclase and albite. Upon solidification, such liquids would have a 
peraluminous character of S-type granite as defined by Chappell and White (1974). S-
type peraluminous magmas may, however, be derived from a wide range of source 
environments (Clemens and Wall, 1981). 
The strong peraluminous character (A/CNK > 1%), presence of normative 
corundum, restricted silica range (65-75%), high Rb/Sr, K2O/Na2O and low K/Rb 
characterize the Bomdila granites as S-type of Chappell and White (1974). The 
Bomdila granites are very well compared with different Proterozoic S-type granites 
from the Himalaya (Table).  The aluminous chemistry and high initial 
87
Sr/
86
Sr ratios 
(0.7700 ± 0.0087) indicate a prominent crustal source for these granites. The REE 
patterns of Bomdila granites were compared with different source rock components 
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such as. Post-Archean Shale from Australia (PAAS); average greywacke and average 
upper continental crust. It is evident from the diagram that the Bomdila granitoid 
patterns are akin to upper continental crust.  
Furthermore, most of the characters that have been observed for the Bomdila 
suite indicate that the granite body is more evolved supracrustal type wherein 
fractionation of different major and trace phases were involved. These characters are 
directly related to the derivation of these rocks from a sedimentary source rather than 
igneous. The Bomdila granites have typical “sedimentary” rare earth element patterns, 
suggesting their derivation from a sedimentary protolith.   
Metasedimentary protolith from which the peraluminous granites are inferred 
to be derived could be of variable composition. The pelitic source composition seems 
to be more likely to be appropriate rocks for Bomdila granites which is evidenced in 
high initial strontium ratios of these granites. It is generally thought that the high 
initial 
87
Sr/
86
Sr ratio (0.7700± 0.0087) is characteristic of granites derived from a 
pelitic source, because pelitic rocks during the process of weathering and deposition 
are enriched in Rb relative to Sr and with time this source may become more enriched 
in radiogenic strontium (White and Chappell, 1977).Harris and Inger (1992) have 
suggested that the strong LREE enrichment and high LREE/HREE ratio are 
characteristic features of the melts generated from a pelitic source. Therefore, the 
strong depletion of HREE and corresponding LREE/HREE ratios [(Ce/Yb)N = 11.0 – 
71.1] of the Bomdila granites point to a pelitic rock source. The occurrences of pelitic 
to psammopelitic enclaves support a pelitic source of the granitic melt. The source 
was probably rich in Al2O3, as indicated by high normative corundum values in 
Bomdila granites. 
P -T-X (H2O) Conditions of Magma Generation 
The amount of melt generated during anatexis is related to several factors like 
P-T conditions, amount of water, composition of the source rock (Wyllei, 1977). At 
given P-T conditions, the amount of available water in a rock can fix the melt fraction 
(Burnham, 1979; Johannes, 1988). Clemens and Wall (1981) have observed that the 
S-type magmas that are derived from pelitic parental materials should be chemically 
compatible with Al2SiO5 or other highly aluminous assemblages. The melt conditions 
(P-T) are estimated to be generally around 700⁰ - 800⁰C and 3 -5 kbar in syn to late-
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orogenic crustal anatexis and most of the melts would be rich in quartzo-feldspathic 
components (Holtz, 1989). Burnham (1967) suggested that water contents in excess of 
8–9 wt % and pressures in excess of about 4 kbar are necessary for the primary 
crystallization of muscovite from a granitoid melt. Therefore, the water contents in the 
melt must have increased to around 8% during the evolution of the Bomdila batholith. 
There are two main possibilities for the source of the H2O component essential for the 
development of hydrous granitic melts. (1) an aqueous fluid may be present in the 
source region, this is unlikely for the Bomdila granites because the most granites are 
H2O undersaturated (2) most of the H2O required for partial melting may be derived 
from the breakdown of crystalline hydrates (Fyfe, 1969), thus anatexis could occur 
under vapour absent conditions. The later process seems most likely applicable for the 
source of water for Bomdila granites. 
The CIPW–normative mineral compositions were plotted on Qz-Ab-Or and Ab-An-
Or ternary diagrams (Fig. 8.6A& B) to approximate the P-T conditions of the 
evolution of the Bomdila granites. In the Qz-Ab-Or diagram (Winkler et al., 1975) 
assuming a pressure of 5 kbar and H2O saturation, the majority of the Bomdila 
granites samples plots near the cotectic region in the minimum melt area of the 
system. The following conclusions can be drawn from these data. 
(a) Most of the granites show near-eutectic minimum temperature melts 
composition. 
(b) These rocks mostly crystallize from molten granitic magmas, with no major 
felsic restite component. 
(c) Assumed water saturation for the final stages of crystallization seems to be 
realistic in this case as the final crystallization temperature of the granitic 
liquid was in the range of 670-700⁰C. 
Similar temperature conditions are also indicated by Ab-An-Or diagram in which 
the Bomdila granites plot away from an apex (indicating less calcic nature) within the 
isotherms of 670⁰ and 700⁰ C. From the Qz-Ab-Or diagram, the pressure conditions 
are estimated to be around 4 kbar; a few samples plot beyond 4 kbar. Therefore, 4-5 
kbar pressure conditions can be inferred for the granites. The experimentally 
calculated P-T values (5kbar and 700-750⁰C) for the southeastern Australia S-type 
granitoid suites which were considered to be derived from broadly pelitic sources 
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(Clemens and Wall, 1981) are consistent with the inferred P-T conditions for the 
Bomdila suite. 
The amount of biotite in the early formed CPG also indicates the water under 
saturation condition of the magma at initial stages of the crystallization. Biotite is a 
near-solidous phase at low water (< 2 wt %) but a near liquidous phase at higher H2O 
contents (4-6 wt% was experimentally demonstrated for peraluminous granites in SW 
Australia; Clemens and Wall, 1981). Crystallization of biotite in CPG is inferred 
(from the petrographic studies) to be after plagioclase or coeval with the formations of 
early plagioclase, garnet and early quartz but preceded alkali-feldspar crystallization. 
Therefore, high H2O content may have been prevalent even during early to 
intermediate stages of crystallization. During progressive fractional crystallization, the 
residual melt must have become H2O rich after the removal of the anhydrous phase. 
Water saturation during the final stages of crystallization is indicated by the gradation 
of granite into leucocratic muscovite rich granite and associated coarse-grained 
pegmatites. The association of pegmatites with quartz veins may also imply water rich 
conditions. 
 
Fig. 8.6(A). Phase relations and minimum-melt compositions in the system Quartz-
Albite-Orthoclase ±H2O. Minimum melt compositions are from Winkler (1979) and 
Ebadi and Johannes (1991). aH2O=1; O, aH2O=0.5; Δ, aH2O=0.3. Qtz= Quartz, Ab= 
Albite, Or= Orthoclase. Filled circles = CPG +FG; Filled triangles = LG. 
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  Fig. 8.6(B). An-Ab-Or diagram of Bomdila granites. 
The absence of silicate melt inclusions in the Bomdila granites besides the 
absence of deformation signs of primary inclusions also indicate a deep seated 
crystallization conditions of the granite body. Thus it may be concluded that the 
system developed from an under saturated to water saturated crystallization conditions 
to give rise to the different phases of Bomdila suite. The observed P-T conditions 
indicate that relatively high temperature water under saturated magma (reflected in 
CPG, the early phase of the suite) was intruded into middle to lower crustal rocks at 
considerable depth (~ 15–20 Km). The middle crustal emplacement conditions are 
indicated by the strong perthitic nature of the K-feldspars in the Bomdila granites 
(Poli and Tommasini, 1991). 
An attempt is made in the thesis to explore the possible source rocks for these 
granites. In this perspective, the pelites (mica schists) with whom the granites are 
associated offer potential source lithologies. A striking similarity between the 
composition of proposed source lithology and the average Bomdila granites is clearly 
evident in the diagram (Fig. 8.7), supporting the assumption that metasedimentary 
rock (similar to the mica-schists) exposed along with granites are the most likely 
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source for the Bomdila granites.
 
Fig.8.7. Trace element abundances in mica schists, normalized against average 
Bomdila granites. 
 
8.2. Evolution of Metabasic Rocks 
Some of the important characters, like low magnesium numbers (mostly < 60) and Sr 
as well as negative Eu anomalies of the Bomdila basic rocks suggest that fractional 
crystallization has played a role in the generation of these rocks. The uniform 
CaO/Al2O3ratio with increasing FeO
t
/MgO (Fig. 8.8) further indicates that olivine and 
plagioclase were the main fractionating phases. The fractionation of olivine and 
pyroxene from the primitive magmas in the evolution of the Bomdila basics is also 
evident from the diagram FeO
t
/(FeO
t
+MgO)–Al2O3 (Fig. 4.20 ). However, a large 
variation in incompatible element ratios (e.g., La/Yb, Zr/Y, Ti/Y, Zr/Nb)in the basic 
rocks in the Bomdila area cannot be explained by crystal fractionation alone. These 
variations probably represent different degree of partial melting from a common 
source and also reflect the enriched mantle source characteristics. 
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The ratio such as Y/Zr and Ti/Zr are not significantly affected by moderate degrees of 
crystal fractionation of basaltic magma but are quite sensitive to differences in degree 
of partial melting of the mantle source or to compositional heterogeneity in the source 
(Ahmad and Tarney, 1991; Srivastava et al., 2008; French and Heaman, 2010). The 
Y/Zr ratio in Bomdila basic rocks does not vary significantly (~ 0.15) whereas the 
Ti/Zr ratio is widely variable (52- 124). This is also exhibited in the bivariate diagram 
of TiO2 vs. (Fig. 4.12). The samples plot along three different fractionation trends 
representing three distinct magma batches and an overlap with the fractionation trends 
of Garhwal volcanics of Lesser Himalayas (Ahmad and Tarney, 1991). A slightly 
decreasing tendency shown by the intrusive samples in this diagram may point to the 
fractional crystallization of titanomagnetite from the magma, because the Ti/Zr ratio 
falls when titanomagnetite begins to crystallize. 
 
Fig. 8.8. CaO/Al2O3 vs. FeO
t
/MgO variation in Bomdila basics. Note the near-
constant CaO/Al2O3 ratio compared to the range in FeO
t
/MgO. 
Higher incompatible elements ratios (e.g., La/Yb, Zr/Y, Ti/Y) and lower 
Fe2O3t/TiO2 (Fig. 8.11) and Al2O3/TiO2 are represented by more differentiated 
samples than those in the less differentiated samples. The basic samples plotted on 
(La/Yb)N vs. (La)N further support the inference that these rocks evolved by different 
degrees of partial melting of a mantle source. In general, on this type of plot, a linear 
relationship will be defined by the samples if they are derived by different degrees of 
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partial melting of a common source; however, the plots may shifts horizontally to 
higher X-axis values because of crystal fractionation (Feigenson et al., 1983; Rosey et 
al; 1992; Bradshaw et al., 1993; Vimal et al., 2012; Yuka et al., 2015). A broad 
positive linear pattern is exhibited by the Bomdila basic rocks in (La/Yb)N vs. (La)N 
diagram (Fig. 8.9), indicating that they were formed by different degrees of melting of 
a source with similar (La/Yb)N. Lower degree of melting resulted the samples with 
higher (La)N and (La/Yb)N whereas samples with lower (La)N and (La/Yb)N have 
formed by higher degree of melting. From the (Fig. 8.10), it can be noticed that the 
data from three clusters, each defining a different (La/Yb)N with a corresponding 
different range of (La)N values. An inverse relationship between degree of melting 
and fractional crystallization is evident from this diagram as it is significantly seen 
that there is decrease in the inter cluster range of (La)N values with the decrease in the 
degree of melting. The samples with higher La, La/Yb, Zr/Y, Ti/Y and lower 
Fe2O3t/TiO2 ratios which are generated by a magma batch with lower degrees of 
melting seem to have undergone more crystal differentiation compared to those 
formed by relatively greater degree of melting. 
A double-normalized incompatible element ratio patterns of Bomdila basic 
rocks show striking similarities with the continental tholeiites. These types of 
spidergrams are considered to be more helpful particularly for basic volcanic rock of 
continental setting where the source ratios of other elements would be affected by 
crustal contamination. Furthermore, the similarity of the ratios for different samples 
suggests that they are genetically related to a common process. However, different 
Fe2O3t/TiO2 (6.95–9.83) and (La.Yb) (6.4–9.0) ratios of these samples indicate that 
the tholeiites are derived by different degrees of melting from a common source. 
The strong enrichment of LREE and LIL elements in the Bomdila tholeiites 
relative to primordial mantle indicate their derivation from an enriched mantle source 
(Weaver and Tarney, 1983; Shao-Bing et al., 2016). On Nd-Ce, Zr-Nb bivariate plots, 
the basic samples always fall on enriched side in the diagram. Different degrees of 
partial melting of the Bomdila tholeiitic rocks is clearly evident in Nd-Ce diagram, 
where the samples with lower Ce and Nd contents appear to have formed by higher 
extents of melting than the samples with higher contents. This inference is further 
substantiated by Nb/Y - Ti/Y diagram of Pearce (1982). The elements Nb, Y and Ti 
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are considered to be most incompatible during partial melting and fractional 
crystallization events. Pearce 
 
 
Fig. 8.9. Zr/Y and Fe2O3t/TiO2vs La/Yb for the Bomdila basics. Note the inverse 
relationship of Zr/Y and Fe2O3t/TiO2 with La/Yb. 
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Fig. 8.10. (La/Yb)N vs. (La)N for Bomdila tholeiites. 
(1982) opened that Y is not affected by the processes responsible for mantle 
heterogeneity and therefore the ratios Ti/Y and Nb/Y highlight the processes 
responsible for mantle heterogeneity but are only slightly affected by subsequent 
differences in melting and fractional crystallization histories. This diagram is effective 
in characterizing within plate basalts and alkaline basalts. It has generally been 
observed that the tholeiites are enriched in Nb and Ti relative to MORB; by contrast, 
alkaline basalts are strongly enriched in Nb and very slightly enriched in Ti relative to 
tholeiitic basalts. Both Ti/Y and Nb/Y ratios are affected by within-plate magmatism 
of basalts, whereas alkalinity affects the Nb/Y ratio only (Pearce, 1982). The Bomdila 
tholeiites depict their enriched character and plot along the within-plate vector in 
Nb/Y-Ti/Y diagram (Fig.8.11). 
Most of the geochemical characteristics of Bomdila basic rocks indicate that 
they may have been formed by different degrees of partial melting of enriched mantle 
source. Extensive work carried-out by several Petrologists to understand the mantle 
enrichment processes indicates that hydrous fluids and silicate melts, individually or 
in combination, are responsible for mantle enrichment (Menzies and Hawkesworth, 
1987). Hydrous fluids discriminate against Ti and their solubility is low for Fe and 
Mg, they have high partition co-efficient for LILE and LREE, and their preferential 
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enrichment will result accordingly. Silicate melts, on the other hand, enrich all 
elements (Schneider and Eggler, 1986) and Fe and Fe/Mg ratio of the source will be 
increased (Langmuir and Hanson, 1980). The high LREE/HREE (Fig. 4.15) and low 
Nb, P and Ti together with high and variable Fe/Mg ratio of Bomdila basics indicate 
that the source was enriched through a hydrous silicate melt phase. Generation of 
melts under such conditions (Kushiro, 1972; Nicholls, 1974; Green, 1976) followed 
by olivine and plagioclase fractionation would be consistent with mixed ol and q-
normative compositions of the samples, low and uniform CaO/Al2O3, and high and 
variable FeO/MgO. Also, for silica enriched melts, P saturation would be at very low 
contents (Watson, 1980). 
The Bomdila basic rocks have a striking similarity with the other Proterozoic 
basic rocks of Himalaya in terms of PM normalized multi-element spidergrams 
(Fig.8.12) chondrite normalized REE patterns and some important incompatible 
element ratios. Typical continental tholeiitic nature, overall low Mg numbers with 
chemical features indicating the involvement of fractional crystallization are 
consistent with the geochemical signatures of other such volcanics from the Himalaya 
(Ahmad and Tarney, 1991; Bhat and LeFort, 1992) that exist in the NW Lesser 
Himalaya.  
 
Fig. 8.11. Ti/Y and Y discrimination diagram (Pearce, 1982) for Bomdila tholeiites. 
Petrogenetic pathways for within-plate and alkaline basalts are shown. Note the 
enriched source characteristics of Bomdila basics. 
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Fig. 8.12. Spider-diagram showing the comparison between the Proterozoic mafic 
rocks from the Bomdila region and other parts of the Lesser Himalaya. 
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Chapter - IX 
 
CONCLUSION 
 
Following conclusions are drawn from the present thesis: 
 
 The Proterozoic Bomdila gneisses exposed in the Arunachal Pradesh, NE 
Lesser Himalaya, India are medium to coarse grained rocks consisting of two 
suites, i.e. two-mica granite and tourmaline-bearing granite. 
 Petrographic studies shows that the gneisses in general, consist of quartz, 
plagioclase (albite to oligoclase), microcline, biotite and muscovite as 
essential minerals. The substantial amount of felsic mineralogy strongly 
suggests that they are leucogranite magmas, in agreement with the common 
occurrence of other such leucogranites in the Himalaya. Among the accessory 
minerals, iron oxides occur along with apatite, zircon, tourmaline and garnet. 
 By employing different criteria such as Modal compositions, major and trace 
elements diagrams, the Bomdila gneisses are classified as Monzogranite to 
Granite. 
 All the Bomdila samples are peraluminous with aluminum saturation index 
[ASI, molecular Al2O3/CaO+Na2O+K2O] of more than 1.1 and also contain 
abundant normative corundum. These characters and high Al2O3 (>13 wt. %) 
contents indicate that they correspond to S-type granites of Lachlan Fold Belt 
(Chappell and White, 1974). 
 The discriminant Rb vs. (Nb+Y) diagram shows that the tourmaline granite 
generally lies within the syn-collision tectonic setting field (as do other 
Himalayan leucogranites), whereas the two-mica granites straddles the field 
boundary between collision granite and volcanic-arc granite. 
 
 The Bomdila two-mica granites with quartz rich compositions and plotting at 
decreased pressures (<5 kbars) and low water activities in the diagram, suggest 
their derivation from an alumina-saturated source under water-undersaturated 
condition at temperatures >600°C. Whereas the tourmaline granite samples 
cluster around a composition corresponding to minimum melt at ~3 kbar, 
aH2O ≈0.5. These values are consistent with thermobarometric studies of the 
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many well-studied leucogranites from the Himalaya such as Manaslu (Guillot 
et al., 1995), Langtang Granites (Inger and Harris, 1993), etc. 
 
 Thus phase equilibria studies of the Bomdila gneisses indicate that the system 
developed from an undersaturated to water saturated crystallization conditions 
to give rise to the different phases of Bomdila suite. The observed P-T 
conditions (600–7000 T and 4-5 kbar P) indicate that relatively high 
temperature water undersaturated magma (reflected in CPG, the early phase of 
the suite) was intruded into middle to lower crustal rocks at considerable depth 
(~ 15–20 Km). The middle crustal emplacement conditions are indicated by 
the strong perthitic nature of the K-feldspars in the Bomdila granites (Poli and 
Tommasini, 1991). 
 
 The consistent relative degrees of fractionation among different granitoid 
phases and the overlapping chondrite-normalized REE patterns of the samples 
may be interpreted as implying a cogenetic origin for the Bomdila granites. It 
is likely that the differentiation between the early phases (i.e., CPG and FG) is 
not much, whereas the later phase (LG) is the most differentiated rock (with 
high silica and DI contents) and may represent the residual liquid of the early 
phases. 
 
 The strong depletion of HREE and corresponding LREE/HREE ratios 
[(Ce/Yb)N = 11.0 – 71.1] of the Bomdila granites point to a pelitic rock source. 
The occurrence of pelitic to psammopelitic enclaves supports a pelitic source 
of the granitic melt. The source was probably rich in Al2O3, as indicated by 
high normative corundum values in Bomdila granites. The pelitic source 
composition seems to be more likely to be appropriate rocks for Bomdila 
granites which is evidenced in high initial strontium ratios (0.7700± 0.0087) of 
these granites. 
 A striking similarity between the composition of proposed source lithology 
and the average Bomdila granites is clearly evident in the diagram, supporting 
the assumption that metasedimentary rocks (similar to the mica-schists) 
exposed in association with granites are the most likely source for the Bomdila 
granites. 
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 Rb-Sr whole rock analysis of granitic rocks in Bomdila area has been carried 
out during the thesis work which gives isochron age and initial 
87
Sr/
86
Sr as 
1171 ±17 Ma and 0.7700± 0.0087. This (Stenian) age is distinctly younger 
than the age of 1900 + 100 Ma reported by earlier people (Dikshitulu et al., 
1995) working in the same area. This strongly suggests that there are at least 
two generations of igneous activity in the area. 
 The isotopic composition of the metasedimentary rocks (such as mica schists 
associated with the Bomdila granites) in the Bomdila Group are compared 
below with εNd values and Th/Nb ratios (McLennan et al., 1990). The 
neodymium isotopic composition distinguishes provenance components of 
various ages, whereas the Th/Nb ratio provides a sensitive index of mafic 
versus felsic composition. Also shown on the diagram are compositions of 
various major granitic bodies, including the Proterozoic granites from the 
Himalaya and Bundelkhand granite from the central India (Sharma and 
Rashid, 2001; Chakrabarti et al., 2007; ). It is clearly evident from the diagram 
(Fig. 9.1) that rocks of the Bomdila Group tend to have  εNd value close to that 
of the Himalayan Proterozoic granites (including Bomdila granites), while 
Bundelkhand granite have higher εNd value than those of the Bomdila 
sediments. The striking similarity of the isotopic ratios of the granites and 
associated metasediments further strongly proves that Bomdila granites may 
have been derived from the parental magmas similar to that of the associated 
sediments.  
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 Fig. 9.1. Plot of εNd versus Th/Nb ratio of Granites and Bomdila 
metasediments. 
 
 Geothermobarometric studies of the samples from the Bomdila area 
indicate that the area has undergone upper amphibolitic metamorphic 
conditions. 
Implications for ancient tectonics in the Himalaya 
 
 The Paleoproterozoic (1900 ±200 Ma) granitic magmatism has been reported from 
all along the 2000kmLesser Himalayan belt staring from the Besham gneiss in the 
Lower Swat Valley, NW Himalaya to the Bomdila gneiss in the NE Himalaya 
(Sharma, 1998). The extensive studies of these granites (Sharma, 1983; Prabha 
and Rawat, 1999; Sharma and Rashid, 2001) indicate that they have unequivocal 
similarities in terms of their geological setting, tectonic setting and geochemistry. 
All of these studies show that the granites are formed during syn-collisional 
tectonic environment, suggesting that collision of two continental blocks might 
have occurred during Proterozoic period along this linear belt, similar to the 
already established Paleozoic Lesser Himalayan granitoid belt (Le Fort et al., 
1987) related to Pan-African orogeny. This further implies an episode of 
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significant Proterozoic orogenic events (similar to that of Grenville orogeny) in 
the Lesser Himalaya: and, possibly the later tectonics exposed these granites to 
weathering and provided detritus to the then formed large Proterozoic sedimentary 
basins in the Lesser Himalaya. This deduction is in strong agreement with the 
inference drawn by many researchers who, on the basis of textural, geochemical 
and isotopic investigations of the Proterozoic sediments from the Lesser Himalaya 
(Rashid, 2002, 2005, present thesis work), suggested that the sediments were 
derived exclusively from felsic (leuco-, S-type-granitic) sources occurring in close 
proximity or adjacent to the basins. This argument rules out the hypothesis that the 
relatively mafic, I-type-granitic plutons from the Peninsular India, such as 
Bundelkhand granite and granites from Aravalli region, may have contributed 
sediments to the Lesser Himalayan sedimentary basins. 
 
Thus it is strongly inferred from the present study that the Grenville 
orogen which is presently restricted to Laurentia may be extended to 
Gondwanaland also. 
 
 Using different discrimination diagrams (e.g., AFM, YTC), the mafic rocks 
from the Bomdila area are classified as continental tholeiites. 
 Some of the important characters, like low magnesium numbers (mostly < 60) 
and Sr as well as negative Eu anomalies of the Bomdila basic rocks suggest 
that fractional crystallization has played a role in the generation of these rocks. 
 Most of the geochemical characteristics of Bomdila basic rocks indicate that 
they may have been derived by different degrees of partial melting of enriched 
mantle source. 
 Typical continental tholeiitic nature, overall low Mg numbers with chemical 
features indicating the involvement of fractional crystallization are consistent 
with the geochemical signatures of other such volcanics from the Himalaya 
that exist in the NW Lesser Himalaya.        
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